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PREFACE 


li.  3.2 
113.3 
ll.i.S- 
U3.C* 


The  fourth  in  a  series  of  NASA/SAE  Inter  or  Noise  Workshops  was  held  cn  May 
19  and  20,  1992  at  the  Graf  Zeppelin  Haus  in  Friedrichshafen,  Germany.  The  thomo 
of  the  workshop  was  new  technology  and  applications  for  aircraft  interior  noise  with 
emphasis  on  source  nmse  prediction;  cabin  noise  prediction;  cabin  noise  control, 
including  active  and  passive  methods;  and  cabin  interior  noise  test  procedures.  1  his 
report  is  a  compilation  of  the  presentations  made  at  the  meeting  which  addressed  the 
above  issues. 

Appreciation  is  extended  to  all  of  those  who  participated  in  the  workshop  ano 
particularly  to  those  that  made  presentations.  In  addition,  Dr.  Ingo  Borchers  of  Dornier 
Luftfahrt  GmbH  served  as  an  excellent  workshop  host  as  well  as  tour  guide  of  the 
acoustic  facilities  at  Dornier.  Finally,  special  thanks  are  extended  to  Ms.  Loriot  of 
Dornier  and  Ms.  Sutherland  of  NASA  for  managing  the  myriad  of  arrangements  and 
correspondence  associated  with  this  very  successful  workshop. 

David  G.  Stephens,  NASA  Langley  Research  Center 
Hanno  Heller,  DLR  Institute  for  Design  Aerodynamics 
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MD-80  AFT  CABIN  NOISE  CONTROL  - 
A  CASE  HISTORY 
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SUMMARY 


This  presentation  discusses  the  results  of  an  interior  noise  technology  program  con¬ 
ducted  in  1991  to  improve  the  noise  environment  in  the  aft  cabin  of  MD-80  twin  jet 
aircraft.  The  noise  environment  in  the  aft  cabin  includes  tone  noise  levels  occurring 
at  the  shaft  rotational  frequencies  of  the  engine.  Engine  vibration  levels  at  thece  fre¬ 
quencies  are  transmitted  through  the  engine  pylon  to  the  cabin.  The  objective  of 
this  program  was  to  reduce  the  levels  of  three  specific  tones,  one  which  occurs  during 
ground  idle  operations  (the  lower  frequency  tone,  termed  the  lo-tone)  and  tv/o  which 
occur  during  cruise  (the  lo-tone  and  a  higher  frequency  tone  termed  the  hi-tone). 

Two  potential  noise  control  treatments  were  identified,  studied  in  ground  and  flight 
tests  at  Douglas  Aircraft  Company,  and  then  evaluated  on  a  production,  in-service 
aircraft.  The  treatments  are  both  vibration  absorber  devices  which  are  designed  to 
reduce  vibration  at  and  around  the  frequencies  at  which  they  are  tuned.  Frame  vibra¬ 
tion  absorbers  consist  of  an  absorber  mass  with  an  elastomer  spring,  and  are  installed 
on  the  four  aft-most  frames  and  floor  beams  in  the  cabin.  Engine  vibration  absorbers 
consist  of  an  absorber  mass  on  a  long  stem,  and  are  installed  on  the  forward  engine 
mount  yoke  of  each  engine  pylon. 

Prototype  frame  absorbers  tuned  to  the  lo-tone  frequency  were  tested  on  a  DC-9 
fuselage  test  section,  excited  by  a  shaker  attached  to  the  pylon.  Results  of  these  tests 
showed  a  10  dB  reduction  in  aft  seat  lo-tone  noise  levels  in  an  unfurnished  cabin,  and  a 
5  dB  reduction  when  the  cabin  was  furnished.  Engine  vibration  absorbers  were  tested 
during  ground  and  flight  tests  of  an  MD-SO  test  aircraft.  Several  absorber  configurations 
were  tested,  involving  different  combinations  of  absorbers  tuned  to  reduce  the  lower  or 
the  higher  frequency  tones  (termed  the  “lo-tone”  and  the  “hi-tone”  absorbers).  These* 
tests  showed  a  6  to  10  dB  reduction  of  the  lo-tone  when  all  lo-tone  absorbers  were 
installed,  and  a  4  to  6  dB  reduction  of  the  hi-tone  when  all  hi-tone  absorbers  were 
installed. 

A  series  of  ground  and  flight  evaluation  tests  using  an  in-service  aircraft  was  then 
conducted,  for  several  configurations  of  frame  and  engine  vibration  absorbers.  For 
each  configuration  the  test  data  were  analyzed  to  yield  the  average  sound  pressure 
level  in  1  Hz  bandwidths  over  the  operating  range  of  the  aircraft,  and  these  levels  were 
averaged  over  three  seats  in  the  aft  cabin.  Furthei ,  a  composite  tone  noise  reduction  was 
computed  which  incorporated  the  reductions  measured  for  the  three  tones.  The  results 
of  this  evaluation  showed  that  frame  absorbers  alone  and  lo-tone  engine  absorbers 
alone  each  provided  significant  reductions,  but  the  combination  of  frame  and  lo-tone 
absorbers  provided  the  highest  composite  tone  reduction,  6  dB  relative  to  an  untreated 
configuration.  This  combined  treatment  is  currently  being  implemented  by  one  major 
airline  on  their  MD-30  aircraft. 
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Typical  Installation  of  Frame  Dynamic  Absorber 
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Unfurnished  cabin  -  10  dB  reduction 
Furnished  cabin  -  5  dB  reduction 
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4  hi-tone  absorbers  -  4  -  6  dB  reduction 

Fewer  absorbers  yield  proportionately  lower  reductions 


SAMPLE  FLIGHT  TEST  RESULTS  - 
NGINE  ABSORBER  CONFIGURATION 

(4  LO-TONE  ABSORBERS,  CRUISE  CONDITIONS) 
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3  microphones  (seats  37A, 


SAMPLE  TEST  RESULTS  - 
SPECTRA  AT  INDIVIDUAL  SEATS 
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IN-SERVICE  EVALUATION  TESTS 
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Three  problem  tone  noise  reductions  for  each  treatment  com¬ 
bined  to  give  a  single-number  benefit  -  “Composite  ground  and 
flight  noise  reduction” 
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THE  DORNIER  328  ACOUSTIC  TEST  CELL  (ATC)  TOR  INTERIOR  NOISE  TESTS 
AND  SELECTTD  TEST  RESULTS 


H.  Josef  Hackstein 
Inqc  *J.  Borchers 
Klaus  Renger 
Konrao 

Cornier  Luftfahrt  GmbH,  Kr ledr ichshaf an ,  Germany 


ABSTRACT 

To  perform  advanced  acoustic  studies  for 
achievmq  low  interior  noise  levels  for  the 
Cornier  320  ,  an  acoustic  test  cell  (ATC)  of 
the  Cornier  32S  has  been  build.  The  ATC 
consists  of  a  fuselaqe  section  with  full 
cabin  length,  a  realistic  fuselaqe 
suspension  and  three  exterior  noise  simu¬ 
lation  rings  equipcd  with  60  loudspeakers. 
To  generate  and  control  the  noise  excita¬ 
tion  snd  to  store  and  evaluate  the  large 
number  of  the  ATC  measurement  data,  a 
complex  digital  60  channel  computer /ampl i- 
fier  noise  generation  system  as  well  as 
■ultichanne 1  digital  data  aquisition  and 
evaluation  systems  have  been  used. 

The  noise  control  tests  started  with 
vibration  measurements  for  supporting 
scoustic  data  interpretation.  Then  acoustic 
tests  followed  which  first  have  been 
carried  out  without  noise  reduction 
measures.  Since  ncnrophas ing  is  an 
important  noise  reduction  mean,  in  the 
second  test  phase  extensive  tests  on  this 
topic  have  been  performed.  In  addition, 
experiments  have  been  earned  out  cn 
dynamic  vibration  absorbers,  the  most 
important  passive  noise  reduction  measure 
for  the  low  frequency  propeller  noise.  The 
tests  inaludrd  different  kinds  of  such 
ebsorbers  and  measurements  for  different 
RPM's  and  tynchrophaser  angles. 

The  present  paper  gives  a  detailed 
description  of  tne  design  and  the 
arrangement,  of  the  ATC.  Furthermore,  the 
exterior  noise  simulation  as  well  as  data 
aquisition  and  evaluation  are  explained. 

The  most  interesting  results  of  the 
measurements  showing  very  promising  noise 
reductions  due  to  synchrophasir g  and 
dynamic  vibration  absorbers  are  presented. 


1,  IHTRgPVCTIgH 

Low  cabin  noise  levels  are  required  by  the 
airlines  for  new  propeller  driven  regional 
sircraft  as  it  is  an  important  factor  for 
successful  operation.  Thus,  for  the 
Dornier  328  s  goel  of  78dB(A)  on  at  least 
791  of  the  pa.isenger  seats  for  a  maximum 
cruise  et  1050  RPM  in  25000  ft  has  been 
specified.  Also  for  the  climb  condition  at 
1100  RPM  the  levels  should  not  be  much 
louder.  To  reach  this  goal  an  extensive 
inteiior  noi it  control  program  has  been 
established  and  is  currently  in  progress. 
One  powerful  tool  for  this  interior  noise 
control  program  is  the  Acoustic  Test  Cell 
(ATC)  of  the  Dormer  328  shown  in  Figure  i 


The.  intention  for  building  the  ATC  was  to 
have  a  test  rig  which  comes  as  near  as 
possible  to  the  real  aircraft  inuluding  the 
full  cabin  cavity  and  a  realistic  exterior 
noise  simulation.  A  great  advantage  of  the 
ATC  is  a  reduced  number  of  expensive  flight 
hours  and  the  opportunity  of  testing  more 
variations  of  noise  control  measures 
without  effecting  flight  certification. 


2-i-D ISISK  or . TME.CQRflllA  328  ATC 

The  ATC  fuselage  with  a  total  length  of 
12.2  m  consits  of  th.ee  parts,  the  center 
part  with  a  length  of  6.95  m  ,  a  front 
extension  cylinder  with  a  length  of  1.85  n 
and  an  *ft  extension  cylinder  with  a  length 
of  3.4  m,  see  Figure  2. 

The  center  part  of  the  ATC  is  excited  by 
the  external  noise  generation  system  and  is 
used  for  suspending  the  ATC.  It  has  almost 
the  same  structure  as  the  Dornier  328 
fuselage.  Only  minor  changes,  as  for 
example  the  kind  of  rivets,  had  to  be  made 
for  simplification.  Thus  it  could  be 
expected  that  the  eigenfrequencies  and 
eigenmodes  of  the  ATC  in  the  region  of  the 
highest  excitation  levels  are  about  the 
same  as  for  the  Dornier  328. 

As  could  be  seen  from  earlier  finite 
element  calculations  (l)  not  only  the 
vibrational  behaviour  of  the  fuselage  is 
important  for  the  interior  noise  but  also 
the  coupling  of  the  structursl  modes  with 
the  modes  of  the  enclosed  air  volume,  the 
cavity  modes.  Therefore,  the  total  cabin 
lenght  should  be  represented.  Because  of 
cost  saving  reasons  this  was  established  bv 
adding  the  aft  extension  cylinder, a 
cylinder  with  a  simplified  aluminum  frame 
and  stringer  structure,  to  the  center  part 
by  riveting.  A  simulation  of  the  cockpit 
air  volume,  which  may  couple  across  an  open 
cockpit  door  to  the  cabin  volume,  was 
realized  by  the  front  extension  cylinder 
consisting  of  the  same  simplified  structure 
as  the  aft  extension  cylinder.  At  the  end 
of  the  extension  parts  the  ATC  is  closed  by 
wooden  plates. 

Inside  the  ATC  the  floor  is  manufactured  by 
wooden  plates  which  are  covered  by  a  carpet 
with  similar  material  as  planned  for  the 
real  aircraft.  To  separate  the  cockpit  from 
the  cabin,  a  wooden  wall  is  installed 
including  a  door.  A  view  into  the  ATC  is 
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IV 


Figure  1:  The  Dornier  328  Acoustic  Test  Call  (ATC) 


given  in  Figure  3.  Until  now,  no  interior 
equipment  for  the  tests  have  been  used.  For 
the  near  future  it  is  planned  to  install 
thermal  insulation,  interior  trim  and 

seets . 

The  ATC  fuselage  is  mounted  in  the  large 
acoustically  treated  test  chamber  of 
Dornier  Luftfahrt  GmbH.  The  suspension  is  • 
reelized  by  a  steel  constuction  which  holds 
the  ATC  on  four  original  wing  ettachement 
points . 


Figure  2:  Structure  and  suspension  of  the 
ATC 


3.  SIGNAL -GENEPATION  SYSTEM 


A  very  complex  part  of  the  ATC  is  the 
signal  generation  system  designed  to 
generate  propeller  noise  on  the  fuselage  as 


close  as  possible  to  reality.  With  this 
system,  based  on  a  60  channel  computer/ 
amplifier  noise  generation  group,  it  is 
possible  to  simulate  calculated  and 
measured  propeller  noise  fields  with  the 
correct  amplitude  and  phase  at  60  points  on 
the  fuselage  skin.  Different  synchrophasing 
angles  can  be  adjusted  within  a  few 
seconds,  enabling  parameter  studies  on  this 
important  subject.  For  special  measurements 
it  is  also  possible,  to  generate  broadband 
random  noise  for  example  to  simulate 
boundary  layer  and  jet  noise  . 


Figure  3:  Interior  of  the  ATC  including 
microphone  antenna 
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the  fuselage  is  reobtained.  Every 
loudspesker  h<is  its  own  closed  chanter, 
which  can  o«  accessed  by  a  door  at  the 
backside  of  ths  loudspeaker  rings.  Thus  it 
is  also  possible  to  change  the  loudsper:  ers 
frora  the  backside  without  moving  the  wooden 
half  ring. 

Between  the  fuselage  and  the  loudspeaker 
boxes  a  layer  of  weak  insulation  wool  is 
used  to  ensure  that  the  ATC  has  nc  contact 
to  the  wooden  construction  and  that  the 
loudspeakers  will  not  influence  each  other. 
The  loudspeakers  are  driven  by  60 
independant  130  Watt  special  amplifiers 
resulting  in  a  power  rack  with  about  *000 
Watt  continous  output  power. 

The  output  power  of  :he  amplifiers  is  fixed 
to  maximum  for  higheit  accuracy.  The 
amplitude  of  the  signals  is  controlled  by 
the  signal  generator  cards.  Also  for 
accuracy  reasons  the  frequency  range  of  the 
amplifiers  is  limited  to  2000  Hz.  For 
possible  future,  different  applications  it 
is  very  easy  to  change  thi*  limit.  Also  it 
is  planned  to  make  the  output  power 
adjustable,  if  needed. 

The  noise  signal  is  generated  by  60  signal 
generator  cards  shown  in  Figure  6.  Every 
card  has  its  own  memory  and  processor,  so 
that  it  is  able  to  operate  independant  frora 
the  computer.  To  ensure  the  correct  phase 
relationship  between  the  cards,  the  first 
card  provices  also  the  master  clock  impulse 
for  the  remaining  59  ones.  For  special 
tests,  it  is  also  possible  to  trigger  the 
total  system  by  an  external  clock  impulse. 


Figure  6:  Rack  with  signal  generator  cards 
connected  to  a  personal  computer 


The  signal  generator  cards  are  fully  “ 
controlled  by  a  personal  computer.  The 
periodic  time  functions  to  be  downloaded 
for  different  selected  flight  cases  contn  n 
phase  and  normalized  arr.pl  tude  information 
for  each  loudspeaker/  amplifier  channel. 

The  period  of  the  time  function  certainly 
equals  the  period  of  the  fundamental 
propeller  tone 


3.1  Signal  Sencratiwn  System  Hardware 

The  set-up  of  the  total  system  is  given  in 
Figure  4.  The  60  loudspeakers  are  located 
in  three  planes,  the  propeller  plane,  a 
quarter  of  the  wavelength  of  the 
fundamental  tone  in  front  and  a  quarter  of 
a  wavelenqh  behind  the  propeller  plane, 
cover  the  part  of  the  fuselage  most 
strongly  excited.  For  each  zi  these  planes 
two  wooden  loudspeaker  sections  formed  as 
half  rings,  one  on  the  left  and  one  of  the 
right  side,  have  been  build  containing  10 
loudspeakers  each,  see  Figure  5. 


Figure  4:  Flow  chart  of  the  ATC  noise 
excitation  ard  measurement 
system 


The  exterior  excitation  noise  is  monitored 
by  microphones  mounted  on  the  outer 
fuselage  skin  under  each  loudspeaker.  To 
enable  easy  access  to  these  microphones 
every  half  ring  is  fitted  on  wheels  for 
easy  loudspeaker  section  disassembly.  The 
wheels  are  guided  by  aluminium  profils  to 
ensure  that  allw^ys  the  same  position  on 


Figure  5:  View  into  a  loudspeaker  half  ring 


For  operation  it  is  onl}  necessary  to 
download  once  two  periods  of  the  digitized 
periodic  time  function  from  the  computer 
into  the  memory  of  tne  different 
loudspeaker  signal  generator  cards.  The 
phase  shift  between  the  different 
loudspeaker  signals  is  obtained  by  telling 
each  card,  at  which  point  of  the  digitized 
time  function  it  shall  start  the  period  of 
the  output  signal.  With  this  technique  it 
is  very  easy  to  cha.ige  the  phase 
relationship  between  the  signals 

An  additional  very  important  function  of 
each  signal  generator  card  is  the 
possibility  of  changing  the  amplitJde  of 
the  signal  during  signal  output.  This  is 
done  by  a  second  0/A  converter  on  the  card, 
providing  the  reference  voltage  for  the 
main  D/A  converter.  The  second  converter 
can  be  accessed  during  operation.  Thus  it 
is  possible  to  use  the  full  dynamic  range 
of  the  main  D/A  converter.  For  standard 
propeller  noise  fields  the  corresponding 
settings  of  the  second  D/A  converters  are 
stored  in  files. 


3.2  System  Software  Options 

The  generated  loudspeaker  signals  and  a 
corresponding  correction  signal  can  be 
superimposed  for  compensating  the  phase- 
and  emplitude  errors  caused  oy  the 
loudspeaker/amplifier  combination.  This 
correction  signal  wes  previously  measured 
for  every  channel. 

With  a  time  deley  setting,  the  phase  of 
each  channel  can  be  set  based  on  its 
reference  channel.  This  makes  it  very  easy 
to  change  the  synchronnasing  angle,  because 
ell  left-hand  channels  refere  to  the  first 
channel  of  the  left  side  and  all  right-hand 
channels  refere  to  the  first  cnannel  of  the 
right  side.  The  first  channel  of  the  right 
side  referes  to  the  first  channel  of  the 
left  side,  so  tnat  only  the  time  delay  of 
the  first  right-hand  channel  has  to  be 
changed  to  edjust  a  new  synchrophasing 
engle. 

Furthermore  it  is  possible  to  change  the 
output  frequency  of  the  signal  generator 
cards  in  minimum  steps  of  1  ms.  The 
simulated  propeller  fundamental  frequency 
is  given  by  the  selected  nunoer  of  points 
for  one  pericd  at  e  fixed  output  frequency 
of  the  points. 

To  preserve  the  loudspeakers,  the  output 
starts  automatical  from  zero  amplitude  by 
slow  emplitude  rising  to  the  adjusted 
level.  For  the  same  reason  the  system  level 
is  decreasing  slowly  when  the  output  is 
switched  off.  After  changing  any  parameter 
of  the  system,  the  setting  is  restored  to 
the  signal  generator  cards. 

Finaly  it  is  possible  to  store  any  current 
system  set-up  in  a  file  on  disc  and  reload 
it.  Also  it  should  be  noted  that  all 
measurements  showed  an  impressive  stability 
of  the  sound  generating  system. 


4.  MEASUREMENT  SYSTEM 

For  each  measurement,  first  all  60 
microphones  under  the  loudspeakers  of  the 
sound  generating  system  are  measured.  Then 
the  interior  sound  field  is  recorded  in  12 
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planes  using  a  moveable  microphone  antenna 
with  15  microphones  leading  to  a  total 
number  of  190  interior  noise  measurement 
points.  Tn  addition  one  fixed  reference 
microphone  is  measured  during  the  recording 
at  each  plane,  giving  a  total  of  252  signal 
records  fer  every  complete  measurement. 

For  such  a  large  number  of  measurement 
positions  a  user  prograaable  digital  data 
aquisition  system  is  needed  one!  wan  used. 

In  the  current  configuration  the  jied 
system  handles  32  channels  p*rall«  .  and  a 
total  maximum  number  o'  126  charnels  using 
software  controlled  channel  switches. 

It  is  capable  to  cornect  every  mi -rophora 
tc  its  geometric  location,  so  that  various 
noise  distribution  plots  can  be  generated. 

The  user  software  developed  by  Dormer  for 
the  measurements  in  the  ATC,  sets  the 
calibration  factors  for  each  channel 
depending  on  the  channel  switch  settings, 
the  microphone  coordinates  depending  on  the 
position  of  the  antenna  in  the  ATC,  and  the 
name  of  the  current  recording  depending  on 
the  synchrophasing  angle  and  the  position 
of  the  antenna.  With  this,  it  is  possible 
to  measure  all  locations  for  one  paramater 
set  of  synchropnasing  angles,  u.g.,  6 
angles,  within  80  minutes.  For  every  plane 
all  6  synchrophasing  angles  are  measured 
before  moving  the  antenna  to  the  next 
plane.  In  general,  all  data  are  measured  as 
tire  records  and  stored  on  optical  discs  or 
DAT  tapes.  This  enables  various  aralyses 
later  if  needed. 

For  the  standard  data  analysis  also  a 
software  package  has  been  developed,  which 
automaticaly  calculates  the  averaged  FFT's 
for  each  location  and  measurement,  the 
average  of  all  spectra,  and  selected 
spectra,  e.g.,  the  average  spectra  at  the 
passengers  ear  positions,  the  sound 
distribution  over  cabin  lungth,  etc.  All 
results  are  given  in  dB  a a  well  as  dB ( A) , 
as  absolute  noise  levels  es  well  as  noise 
reductions . 

It  is  possible  to  perform  several 
measurements  in  cne  day  and  to  do  the  data 
analysis  software-controlled  eutomat ically 
during  the  night.  Thus  a  lot  of  parameter 
variations  can  be  tested  rather 
effectively. 


5.  MQISE  AND_yiBRAT:0»r  measurements  on  the 

BARE  ATC 

All  noise  and  vibration  measurements 
described  in  this  paper  have  been  performed 
without  interior  treatment  as  for  example 
thermal  insulation,  interior  triu  and 

seats . 


Following  the  Dormer  328  specification, 
the  ATC  has  been  excited  by  two  different 
pure  tone  propeller  noise  spectra.  One  of 
•these  was  the  propeller  noise  for  the 
condition  maximum  cruise  with  1050  RRM  at 
345  kts.  The  other  was  the  condition 
maximum  cruise  w:*-h  1100  RPM  and  J45kts  as 
the  worst  case  of  a  quick  cruise  clinb. 
Because  ot  not  available  fliqht  test  data 
of  the  propeller  nouse  (the  ATC  tests 


started  before  first  flight)  th*»  exterior 
sou*“d  field  has  been  calculated.  The  free 
field  propeller  noise  was  provided  bv 
Hartzell  for  its  Cornier  328  six-tladed 
propeller  and  has  ceen  corrected  for 
installation  effects  estimated  by  Dornier, 
The  propeller  noise  spectra  for  both 
excitations  in  dB(A)  averaged  over  all  60 
loudspeakers  are  given  in  Figure  7.  It  can 
be  seen  that  for  both  spectra  the 
fundamental  has  the  highest  levels  and  the 
the  haraonjcs  are  ccntinously  decreasing. 
This  behaviour  is  typical  for  a  six  bladed 
propeller,  while  four  bi^ded  propollers 
often  show  higher  A-veighted  levels  for  the 
second  and  third  blade  passage  frequency 
{ SPF) .  The  spectrum  for  1050  RPM  has  for 
all  tones  lower  levels  than  that  for  1100 
"1PM.  For  the  f undamentai ,  the  difference  is 
about  2  d!?(A)  but  for  the  higher  harmonics 
this  difference  is  increasing  up  to  about  7 
dfi(A)  at  the  fourth  tone.  This  behaviour 
can  be  explained  by  the  higher  helical  tip 
Mach  number  at  3100  RPM.  The  difference  in 
total  noise  is  about  3  dB (A) . 
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Figure  7:  Spectra  of  total  averaged 

simulated  exterior  propeller 
noise  (1050  RPM  and  1100  RPM) 


1*2  Vibration 

Information  on  the  bare  ATC  structural 
dynamics  in  form  of  eigenf req uencies  and 
aodeshapas  as  well  as  operational 
deflection  shapes  has  been  obtained  from 
vibration  measurements  on  the  ATC.  First  an 
experimental  modal  analysis  uich  multiple 
point  shaker  excitation  at  1C  reference 
points  grouped  in  three  points  for  each 
individual  measurement  run  was  carried  out. 
For  exicitation  the  burst  random  technique 
was  used.  For  the  calculation  of  the  mode 
shapes  only  those  reference  points  have 
been  applied  which  showed  the  best  values 
for  the  indicator  functions.  Six  frames 
have  teen  analyzed  using  a  total  of  170 
accelerometers . 


floor  the  structural  displacement  is  not  so 
strong  but  the  floor  itself  shows  in  the 
region  of  fr.e  aisle  stronger  displacements. 
For  Mode  8  at  116.0  Hz  the  nodal  li  les  can 
not  be  as  clearly  identified  as  those  of 
Mode  7.  Nevertheless  six  antinodes  can  be 
discovered  above  the  floor.  Another  one  can 
be  detected  below  the  floor.  The  floor 
deflections  are  for  Mode  8  smal'er  than  for 
Mode  7. 


Figure  8:  Sheeted  eigenaodes  of  the  ATC 


To  get  knowledge  aboit  the  motion  of  the 
ATC  structure  during  propeller  noise 
excitation,  operational  deflection  shapes 
have  been  determined.  The  used  technique  is 
described  in  (2).  T1  e  operational 
deflection  shapes  si own  in  the  present 
paper  have  been  mea? ured  for  two  frames  and 
contain  the  fundamental  as  well  as  four 
harmonics  bur.  they  ire  dominated  by  the 
fundamental.  Figure  9  presents  the 
operational  deflection  shapes  at  the 
simulated  propeller  noise  field  for  1050 
RPM  for  two  different  synchrophas ing 
angles,  0*  and  40*.  For  the  synchrophasing 
angle  of  0*  a  nearly  symmetrical  deflection 
shape  with  five  antmodts  above  the  floor 
esn  be  seen.  This  shape  is  very  similar  to 
that  of  the  Mode  7  at  95.7  Hz.  Thus  this 
eigenmode  might  have  been  strongly  excited 
by  the  simulated  pzopeller  noise  field  at 
1050  RPM.  Changing  the  synchrophasing  angle 
to  40  *  leads  to  a  rotation  of  the 
vibration  pattern  and  a  reduction  of 
deflection  amplitudes. 


Up  to  235  Hz  16  modes  could  be  identified. 
Figure  8  shows  the  mode  shioes  for  Mode  7 
at  95.7  Hz  and  Mode  8  at  116.8  Hz.  These 
two  modes  are  the  nearest  to  the 
fundamentals  of  the  simulated  propeller 
noise  with  105  Hz  and  110  Hz,  respectively 
It  can  be  seen  that  Mode  7  at  95.7  Hz  has 
five  antinodes  above  the  floor.  Below  the 
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Figure  9:  Operational  deflection  shape*. 

tor  similated  propeller  noise 
(1050  RPM) 
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5.3  In 1MZ13Z  NOISfl 

The  interior  nois«  measurements  have  been 
carried  out  as  described  in  Section  4. 
Tigure  10  shows  an  example  c f  the  A- 
weighted  interior  noise  levels  Tor  the 
first  three  blade  passage  frequencies  and 
the  total  noise  as  a  function  of  the 
synchrcphasing  angle.  The  levels  are 
average  values  of  all  180  measurement 
positions  in  the  cabin  of  the  ATC.  It  can 
clearly  be  seen  that  synchrophasing  leads 
to  a  significant  total  noise  reduction  of 
about  4  dB ( A) .  This  total  noise  reduction 
is  dominated  by  the  the  interior  noise 
field  at  the  fxrst  BPF.  Similar  as  the 
total  noise,  the  noise  at  the  first  BPF 
shows  a  maxinuFJ  at  10*  and  a  minimum  at 
4 0 • .  The  noise  at  the  second  BPF  shows  two 
maxima  at  10#  and  40*  and  two  minima  at  0* 
and  30*.  Also  for  this  BPF  a  difference 
between  maximuu  and  minimum  of  <  dB(A) 
occured.  Because  the  levels  for  the  second 
BPF  are  much  lower  than  those  of  the  first 
the  minimum  of  the  total  noise  at  0*  is  not 
affected.  For  the  third  BPF  nearly  no 
influence  due  to  synchrophasing  can  be 
observed.  An  explanation  for  the  overall 
noise  reduction  may  be  found  in  the  above 
mentioned  reduction  of  the  vibrational 
deflection  due  to  synchrophasing.  In 
addition,  the  coupling  between  structure 
and  cavity  may  reduce  due  to  the  rotation 
of  the  deflection  shape. 
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Tigure  10:  Total  averaged  interior  noise 
levels  for  simulated  propeller 
<1050  PPM) 


The  noise  distribution  in  the  cabin  with 
and  without  synchrophasirg  is  given  in 
Figure  11.  This  figure  represents  the  noise 
levels  at  12  axial  positions  averaged  at 
each  axial  position  over  thre*  microphones 
in  a  typical  passenger  ear  height.  It  can 
be  seen  that  the  noise  reduction  due  to 
synchrophasing  is  effective  over  the  wnole 
cabin  length. 

For  a  simulated  propeller  noise  excitation 
with  1100  PPM  the  results  are  given  in 
Figure  12.  Also  for  this  excitation  the 
synchrophasing  angle  has  a  great  influence 
and  leads  to  a  noise  reduction  of  4  dB ( A) . 
The  maximum  and  Minimum  can  be  found  at  20* 
ard  50 • ,  respectively.  Similar  as  for  1050 
PPM  this  behaviour  is  mainly  caused  by  the 


Figure  11:  Interior  noise  distributions 
averaged  at  the  passenger  ear 
positions  for  simulated 
propeller  noise  (1050  RFM) 


first  BPF,  which  had  a  maximum  at  20*  and  a 
minimum  at  50*.  However  the  interior  levels 
for  the  seccnd  and  third  BPF  are  much 
closer  to  the  levels  of  the  first  BPF  than 
for  1050  RPM.  The  levels  for  tha  third  BPF 
are  even  higher  than  those  for  the  second 
BPF.  This  is  caused  first  by  the  higher 
levels  at  higher  harmonics  for  the  1100  PPM 
excitation  and  secondly  by  a  worse  noise 
reduction  at  these  higher  harmonics  than 
for  the  first  BPF.  The  interior  levelj  for 
the  second  BPF  show  similar  as  for  1050  RPM 
two  maxiau  and  two  minima  but  at  the 
minimum  for  the  first  BTF  also  a  minimum 
for  the  second  BPF  occurs.  The  third  BPF  is 
nearly  not  influenced  by  synchrophasing. 

During  the  preparation  of  this  this  paper  a 
first  in-flight  spot-test  on  the  Cornier 
328  could  be  performed.  At  this  test  the 
exterior  noise  on  the  fuselage  was  measured 
at  the  two  points  with  minimum  propeller 
tip  clearance.  In  addition,  the  interior 
noise  in  the  propeller  plane  at  the 
positions  of  the  outer  seats  were  recorded. 
A  first  evaluation  showed  good  agreement  of 
the  noise  reductions  of  the  Dormer  328  and 
the  ATC. 


I 


Figure  12:  Tot*1  averaged  interior  noise 
levels  for  simulated  prop* l)r.r 
noise  (11C0  RPM) 
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Significant  noise  reductions  up  to  3  dfc(A) 
are  obtained  over  the  whole  caoin  length  m 
the  ear  positions  of  the  passencers  in 
addition  to  the  synchrophasing  effect. 
Additional  2  dB ( A )  could  be  gained  by 
attaching  120  mm  foam  to  the  aft  wooden  end 
plate  of  the  ATC  as  indicated  in  Figure  11. 

Following  these  initial  investigations,  the 
damper  positions  and  nunber  of  dampers  por 
frame  were  attempted  to  be  optimised.  Three 
further  damper  arrangements  hava  been 
tested ,  The  first  one  consists  of  5  pairs 
o*  tuned  o  a  m  p  e  r  s  per  f  r  ?  ®  e  with  a  sy mm e t r l c 
distribution  at  3  frames.  The  result  can  fc* 
seen  in  Figure  14  wnere  the  interior  noise 
levels  in  dB (A)  averaged  over  all  measure¬ 
ment  positions  is  shown  as  a  function  of 
the  synchrophasing  angle.  For  most  synchro¬ 
phasing  angles  also  this  first  new  confi¬ 
guration  leads  to  lower  interior  noise 
levels  than  without  tuned  dampers  but  thu 
levels  are  up  to  4  dB (A)  higher  than  the 
levels  for  the  initial  configuration, 
depending  on  the  synchrophasing  angle. 


F<qure  14:  Total  averaged  interior  noise 
levels  for  simulated  propeller 
noise  (1050  RPM ) 
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Figure  13: 


Operational  deflection 
for  simulated  propeller 
(1050  PPM) 


shapes 

noise 


Inferior  -tlalai 


The  effect  of  the  vi 
Campers  in  the  aoov* 
arrangement  on  the  * 
atc  for  105C  PPM  iU 


scoelastic  tuned 
mentioned  initial 
nterior  noise  in  the 
gwen  in  Figure  11. 


,a  second  n.w  damp.r  arr*ng«ment  included 
paira  of  tuned  dampers  p.  r  frame  mounted 
d  eight  frames  with  an  asymmetric 
iatribution  including  four  damoers  on  the 
*ft  side,  one  in  the  center,  end  tnree  on 
ie  right  side.  This  arrangement  was  wae 
orn  out  of  the  operational  d#f 
nape  given  in  Figure  13.  wner.  tne  biqges- 
e.aining  vibrations  aftar  attachin  the 
mtial  tuned  damper  configuration  could  be 
"served  on  the  loft  side.  This  new  asvmme- 
ric  ccnf iguration  show,  a  further  improve- 


For  the  tested  third  new 
nine  pairs  of  dampers  per 
at  seven  frames.  This 
qavt  no  further  improve®* 
ly  worse  than  the  second 


damper  arrangerren 
frame  were  moun- 
conf iqu ration 
nt  and  was  slight 
new  arrangement. 


t 


in  Figure  1A  it  also  can  be  seen  that  the 
optimum  sychrophas  mg  angle  for  <*1. 
considered  four  a r r angerents  has  b»*n 
shifted  to  0* . 


41 


W 


r^\ 


The  averaged  spectral  total  noise  reduction 
of  the  whole  cabin  due  to  the  tuned  dampers 
In  the  favourable  second  new  arrangement 
for  1050  RPM  is  given  in  Figure  15.  The 
measured  reduction  values  are  about  8  dB (A) 
for  the  first ,  9  dB (A)  for  the  second  and 
3  dB  ( A )  for  the  third  BPF.  Tne  high  reduc¬ 
tion  ait  the  second  BPF  is  strongly  due  to 
the  changing  of  synchrophasing  angle  froa 
the  optimal  40-  for  the  untreated  ATC  to 
thr  optimal  0*  for  the  ATC  equiped  with 
tuned  dampers.  As  can  be  seen  in  Figure  10 
the  second  BPF  of  the  untreated  ATC  has  a 
maximum  at  40-  and  a  minimum  at  0*  with  a 
level  difference  of  about  5  dB(A). 
Therefore,  the  efficiency  of  the  tuned 
daapers  at  the  second  BPF  is  4  dfi(A).  The 
3  dfi(A)  reduction  for  the  third  tone  aay  be 
explained  by  a  pure  mass  effect. 
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Tigure  15:  Total  averaged  interior  noise 

spectra  for  simulated  propeller 
noise  (1050  RPM) 


‘:he  length  distributions  of  the  A-weighted 
interior  noise  for  the  four  investigated 
tunvd  damper  arrangements  for  a  simulated 
pi  ope  1 lex  noise  with  1050  RPM  are  given  in 
Figure  16.  This  figure  shows  again  and  more 
significant  that  the  asymmetric  damper 
distribution  with  C  dampers  per  frame  at  • 
frames  (second  new  arrangement)  leads  to 
the  lowest  interior  noise  levels. 
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Figure  16:  Interior  noise  distributions 
averaged  at  the  passenger  ear 
positions  for  simulated 
propeller  noise  (IQS')  RPM) 


At  the  positions  of  the  favourable  second 
rew  arrangement  also  double  tuned  narrow 
band  vibration  absorbers  have  been  attached 
followed  by  corresponding  measurements.  The 
obtained  result  is  shown  m  Figure  17  in 
form  of  averaged  interior  noise  axial 
distributions  for  the  plane  of  the  passan- 
ger  heads  compared  to  the  favourable  result 
fcr  the  viscoelastic  tuned  dampers.  The  usa 


Figure  17:  Interior  noise  distributions 
averaged  at  the  passenger  ear 
positions  for  simulated 
propeller  noise  (1050  RPM) 


of  the  double  tuned  vibration  absorbers 
leads  in  the  position  of  seat  rows  1,  3,  8, 
11  and  12  to  improvements  up  to  4  dB  A) . 

Tor  the  other  sesc  rows  the  levels  remain 
nearly  constant.  This  very  good  result  is 
related  wi*h  an  average  total  cabin  noise 
reduction  of  about  dB'7.)  for  the 
fundamental  tone,  see  Figure  18.  For  the 
second  tone  a  noise  reduction  of  S  dB(A) 
can  be  observed  of  wh*ch  1  dC  is  due  to  the 
absorbers  according  to  explanation  given 
above.  The  3  db(A)  reduction  for  the  third 
tone  may  be  also  here  explained  aa  a  pure 
mess  effect. 
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figure  18; 


Total  averaged  interior  noise 
rpectra  for  simulated  propeller 
noise  (1050  PPM) 


For  1100  RPM  also  damper  tests  have  be<m 
performed.  In  general  it  can  be  stated  that 
for  this  RPM  the  noise  r«duct.»or  due  to  ’’he 
dynamic  vibration  absorbers  is  lower  chan 
for  1050  RPM  *  related  example  is  given  in 
Figure  10,  which  snows  the  comparison 
between  A-weighted  interior  noise  levels  as 
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a  function  of  synchrophas mg  angle  without 
and  with  viscoelastic  tuned  dampers  in  the 
favourable  arrangement  described  above. 
Here  the  difference  between  the  interior 
noise  without  dampers  at  optimum  synchro- 
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Figure  19:  Interior  noise  distributions 
averaged  at  the  passenger  ear 
positions  for  simulated 
propeller  noise  (1050  RPM) 


phaser  angle  and  the  interior  noise  with 
dampers  at  optimum  synch-opnas ing  angle  is 
only  about  3  dB»‘A;.  Figure  20  shows  the 
spectral  comparison  for  the  same  cases  as 
in  Figure  19.  The  interior  noise  is  reduced 
by  about  4  dB ( A )  on  the  first  BPF,  about 
3  db(A)  on  the  second  BPF  and  about 
3.5  dB (A)  on  the  third  BPF.  Nevertheless, 
this  result  corresponds  also  to  an 
interesting  noise  reduction  in  the  caoin. 
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Figure  20:  Total  averaged  interior  noise 

spectra  for  simulated  propeller 
noise  (1100  RPM) 
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skin  including  realistic  phase  distri¬ 
bution  . 

Prior  to  the  acoustic  measurements  vibra¬ 
tion  measur events  had  been  carried  out  for 
data  interpretation.  These  measurements 
without  noise  control  treatment  showed 
eigenmodes  at  95.7  Hz  and  116  Hz  near  the 
two  excitation  fundamental  tones  of  105  Hz 
and  110  Hz .respectively,  of  the  considered 
two  different  propeller  noise  spectra  Tor 
simulated  propeller  noise  excitation  at 
1050  RPM  and  1100  PPM  the  deflection  shapes 
looked  very  similar  to  the  eiger.mode  at 
95.7  Hz.  Simulated  synchrophasing  yielded  a 
rotation  of  the  deflection  shape  and  a 
reduction  of  the  deflection  amplitudes. 


The  noise  measurements  showed  a  great  ef¬ 
fect  of  synchrophas  mg  on  the  interior 
noise  xevels.  About  4  dB (A)  difference  of 
total  averaged  interior  noise  of  the  whole 
cabin  between  worst  and  best  synchrophas  mg 
angle  have  been  measured  for  1050  RPM  and 
1100  RPM  with  best  synchrophas ing  angles  at 
40*  and  50*,  respectively.  In  both  cases 
this  effect  is  dominated  by  the  noise  at 
the  first  BPF.  The  noise  improvement  may  be 
explained  by  the  reduced  vibration  ampli¬ 
tudes  in  connection  with  a  reduced  coupling 
Df  structure  and  cavity,  due  to  rotation  of 
the  operational  vibration  shapes. 


Attaching  viscoelastic  dampers  to  eight 
frames  of  the  ATC  led  a  significant 
reduction  of  the  vibration  amplitudes.  The 
following  noise  measurements  showed 
promising  noise  reductions  in  the  whole 
cabin.  Improvements  at  the  plane  of  the 
passenger  heads  up  to  about  8  db  (A)  have 
been  measured.  Also  for  these  measurements 
an  influence  of  synchrophasing  angle  could 
be  observed  shifting  the  optimal  angle  to 
0*  for  both  RPMs .  An  attempt  to  optimize 
the  number  and  positioning  of  the  visco¬ 
elastic  dampers  yielded  further  improve¬ 
ments  to  the  interior  noise,  especially 
with  respect  to  a  uniform  noise  distribu¬ 
tion  in  the  cabin. 


Also  double  tuned  vibration  absorbers  have 
been  tested  m  the  ATC  at  the  identified 
most  favourable  positions.  The  measurements 
showed  up  to  4dB ( A )  better  results  at 
certain  axial  locations  in  the  cabin  *han 
the  tests  on  the  viscoelastic  tuned 
dampers . 

For  1100  RPM  reduced  efficiencies  of  both 
the  viscoelastic  tuned  dampers  and  the 
double  tuned  vibration  absorbers  were 
measured.  Ne ver rn* 1  ess ,  still  a  total  noise 
reduction  in  the  hole  cabin  of  3  dB ( A) 
could  be  identifi*  for  the  viscoelastic 
tuned  dampers. 


In  ordtr  to  study  and  ldentfiy  effective 
interior  noise  control  measures  for  tn« 
Cornier  128  with  limited  impact  on  project 
flight  schedule  an  acoustic  test  cell  (ATC) 
of  the  Hornier  328  has  been  build.  The  ATC 
consists  of  a  fuselage  section  with  full 
cabin  length,  a  realistic  fuselage  suspen¬ 
sion  and  three  exterior  noise  simulation 
rings  equiped  with  60  loudspeakers.  The 
signals  for  the  speakers  have  been  provided 
by  a  complex  60  channel  comput e r / amp  1  if ler 
noise  generation  system.  With  this  system 
it  was  possible  to  simulate  propeller  noise 
excitation  at  60  points  on  the  fuselage 
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Vibro-acoustic  FE  analyses 
of  the  Saab  2000  Aircraft 

•  Coupled  acoustic/structural  aircraft 
FE-model 

•  Creation  of  modal  database 

•  BPF  pressure  field  excitation 

•  Frequency  response  analyses 

•  Model  validation  analysis 

•  Planned  analyses 

•  Model  development 
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Vibro-acoustic  FE  analyses 
of  the  Saab  2000  Aircraft 

•  Coupled  acoustic/structural  aircraft 
FE-model 

-  Acoustic  model 

-  Structural  model 

-  Coupled  Acoustic-Structural  model 

•  Creation  of  modal  database 

-  Substructuring/Modal  synthesis 

-  Acoustic  eigenmodes 

-  Structural  eigenmodes 

-  Coupled  eigenmodes 

•  BPF  pressure  field  excitation 

-  Cruise  flight  nearfield  BPF  noise 
prediction 

-  Inclusion  of  fuselage  scattering 
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Frequency  response  analyses 

-  Scheme  of  computation 

-  Modal  contribution  to  BPF  response 

-  Structural  response  (Operating 
deflection  shape) 

-  Cabin  cavity  response  (Pressure 
field  in  dB) 

Model  validation  analysis 

-  Experimental  modal  analysis, 
Fuselage  Test  Rig 

-  Fuselage  Rig  shaker  test  simulation 

Planned  analyses 

-  Tuned  Damper  installation  and 
optimization 

-  Structure-borne  path  identification 

-  Active  Vibration  Control  analyses 

Model  development 

-  Fuselage  sections  with  interior  - 

-  Active  Noise  Control  analyses 
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4th  NASA/SAE/DLR  Aircraft  Interior  Noise  Workshop 
Friedrichshafen,  Germany 
May  19*20,  1992 


Inge  S.  Green 
Saab  Aircraft  AB 
Linkdping,  Sweden 


VIBRO- ACOUSTIC  FE  ANALYSES 
OF  THE  SAAR  AIRCRAFT 


SUMMARY 

FE*models  of  the  Saab  2000  fuselage  structure  and  the  interior  cavity  have  been 
created  in  order  to  compute  the  noise  level  in  the  passenger  cabin  due  to  propel¬ 
ler  noise  (page  1). 

The  FE-system  ASKA  was  used  for  these  analyses.  The  total  number  of  degrees 
of  freedom  (dof)  for  the  models  is  over  400000.  To  make  the  analysis  possible 
substnicturing  was  used  in  addition  to  several  levels  of  "midnets”  and  modal 
component  synthesis.  This  way  the  number  of  dof  at  each  level  was  reduced  to 
give  acceptable  computer  times  (page  2  -  6). 

Examples  are  shown  of  Acoustic  modes  (page  7  -  8)  and  dominant  structure 
modes  (page  9-10)  from  the  modal  database. 

BPF  pressure  field  at  cruise  flight  was  predicted  and  applied  to  the  aircraft 
(page  11-12). 

Scheme  of  computations  (Normal  mode  analysis  and  Frequency  response 
analysis)  are  outlined  in  page  13. 

From  the  frequency  response  analysis,  modal  contribution  (page  14),  structural 
response  (page  15)  and  cabin  cavity  response  (page  16)  are  shown. 

From  Fuselage  Test  Rig  modal  analysis  a  first  validation  of  the  FE*model  is 
made  (page  17). 

Validation  with  the  Frequency  Response  Function  method  is  under  way 
(page  18-19). 

Planned  analyses  with  the  Saab  2000  AFEM  model  is  shown  in  page  20  and 
proposed  model  development  in  page  21. 
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SAAB  2000  COUPLED  STRUCTURE-CAVITY  FE  KODEL 


Number  of  Nodal  points  :  22681  62118 
Number  of  Elements  10153  3599 
Number  of  Subs tructures :  10  10 


Fight  Hand  side 
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Eigenvalue  analysis 
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ACOUSTIC  MODEL 
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STRUCTURAL  MODEL 


Left  side 


Right  side 


Level  1 


Level  2 


Level  3 


Level  4 


Level  5 
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Main  net  290 


COUPLED  ACOUSTIC -STRUCTURAL  MODEL 


Coupling  only  for  the  Master  sections  Sta  399  -  Sta  512  : 

Acoustic  net  190  ♦  Structure  net  180 
with  re":  of  the  r.z  1*lr.  .*L-»  r.  r.-tj  30'  .i' i  2>*  ur.rc;pl*d. 
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2000  ACEM . 

CREATION  OF  THE  COUPLED  ACOUSTIC -STRUCTURAL  MODAL  DATABASE. 


ASKA  analyses  on  CRAY  X-MP/416 


Total  number  of  DOF's  for  the  models  :  >  40000C 

Analyses  performed  with  suost ructuring  ( Sub- , Mid -and  Mam  nets) 
and  modal  component  synthesis  tor  reduction  of  the  number  of 
DOF's  at  eacn  level. 

Q  ACOUSTIC  MODEL  (Master  section  Sta  399-Sta  512) 


LEVEL 

TOTAL  NUMBER 

UNCONSTRAINED 

DOF 

TOTAL  M'MBFR 

NORMAL  MODES 

TOTAL  CPU-TIME 

IN  CRAY  (SEC) 

1 

30300  - 

2U 

1000 

2 

3100 

114 

5700 

3 

1100 

19$ 

7*00 

4 

4000  4— 

5  H 

10500 

H  STRUCTURAL  MODEL  (Master  section  Sta  399-Sta  512) 


LEVEL 

TOTAL  NUMBER 

UNCONSTRAINED 

DOF 

TOTAL  NUMBER 

NORMAL  MODES 

TOTAL  CPU  TIME 

IN  CRAY  (SECS) 

1 

117000  — 

913 

44000 

2 

MM 

774 

22100 

3 

2410 

720 

16000 

4 

3524 

1029 

3700 

S 

302S  4 - 

720 

7250 

•  COUPLED  ACOUSTIC-STRUCTURAL  MODEL  (Master  sections) 

Number  of  Acoustic  normal  modes;  596  (10.9  -  400  Hx) 
Number  of  Structural  normal  modes;  *720  (1  1.2  -  342  Hr) 
After  the  coupled  analysis. 


Number  of  coupled  normal  modes: 


700  (9.6  -  280  Hx) 


Fig  ACOUSTIC  SIDE-SIDE  MODE  AT  85. 3  Hz 
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Fig  ACOUSTIC  SIDE -SIDE  MODE  with  LH/RH  *hift  AT  101.6  Hz 
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SAAB  •  SCAN 1A 
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Cross-sect ional  mode  shapes  (  Frames  ). 
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•  BPF  pressure  field  excitation 

-  Cruise  flight  nearfield  BPF  noise 
prediction 

-  Inclusion  of  fuselage  scattering 

•  Propeller  free  field  prediction  pro¬ 
gram  NOISEGEN  developed  at  FFA. 

•  Program  code  based  on  a  linearized 
version  of  Ffows-Williams-Howkings 
equation. 

•  Fuselage  scattering  and  boundary 
layer  effects  added. 

•  Complex  pressures  converted  to 
Real  and  Imaginary,  pressure  fields 
(Load  data). 

•  Load  data  applied  to  Structure  Sub¬ 
nets. 
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Scheme  of  computation 


Structure  modal 


Cavity  modal 


Figure  .  Natural  mode  flow  of  computation 
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Figure  .  Frequency  response  flow  of 
computation 
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STRUCTURE  MODES 
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MODEI,  VALIDATION  ANALYSIS 


Acoustic  Hockup  shaker  test  simulation 

•  16  shakers  with  simultaneously  sinusodial 
force  (  95  Hz  )  excitation. 

*  Force  and  phase  distribution  randomly  choosen. 
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measurements  can  be  made  in  the  presence  of  extraneous 
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SOUND  FIELD  PRESSURE-INTENSITY  INDICATORS 

discrete-point  &  manual  scanning  methods 
measurement  surface:  0  50  m 
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Difference  in  sound  power  levels 

between  mechanical  scanning  &  discrete-points  methods 
measurement  surface:  0.25  m 


r 

V 


V 


IT 


*0 

N 

'*  I 


s 


84 


SOUND  FIELD  PRESSURE-INTENSITY  INDICATORS 

discrete-point  &  mechanical  scanning  methods 
measurement  surface:  0.25  m 
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P-l  INDICATOR  &  SOUND  POWER  LEVEL  ACCURACY 

ext  noise  level  =  source  level,  moas  surface:  0  50  in 
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SURFACE  AVERAGE  VALUE  OF  SOUND  INTENSITY  LEVELS 

measured  in  anechoic  &  concrete-walled  rooms 
(sound  source  only,  meas  surlace:  0  5  m) 
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PRESSURE  -  INTENSITY  INDICATORS 

measured  in  anechoic  &  concrete-walled  rooms 
(sound  source  only,  meas  surface:  0.5  m) 
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P-!  INDICATOR  &  SOUND  POWER  LEVEL  ACCURACY 

ext  noise  level  =  source  level,  meas  surface.  0.50  m 
(in  a  4.7  x  4  x  3  rn  concrete-walled  room) 
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P-l  INDICATOR  &  SOUND  POWER  LEVEL  ACCURACY 

ext  noise  level  =  source  level,  meas  surface:  0  5m 
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P-l  INDICATOR  &  SOUND  POWER  LEVEL  ACCURACY 

ext  noise:  1  dB,  meas  surface:  0.5  m 
(in  a  4,7  x  4  x  3  m  concrete-walled  room) 
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P-l  INDICATOR  &  SOUND  POWER  LEVEL  ACCURACY 

ext  noise:  2  dB,  meas  surface:  0  5m 
(in  a  4.7  x  4  x  3  m  concrete-walled  room) 
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NASA  SAE  DLR 

4th  Aircraft  Interior  Noise  Workshop 
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Friedrichshafen,  Germany 


RECENT  ADVANCES  IN  SEA 
Dr  K  H  Heron 

DRA,  Farnborough , England 
Summary 


Statistical  Energy  Analysis  has  traditionally  been  developed  using  a 
modal  summation  and  averaging  approach,  and  this  has  led  to  the  need  for  the 
many  well  known  and  restrictive  SEA  assumptions.  The  assumption  of  'weak 
coupling'  is  particularly  unacceptable  when  attempts  are  made  to  apply  SEA  to 
structural  couplings.  Many  researchers  now  believe  that  this  assumption  is  more 
a  function  of  the  modal  formulation  rather  than  a  necessary  requirement  of  SEA 
itself. 


This  presentation  ignores  this  restriction  and  describes  a  wave 
approach  to  the  calculation  of  plate-plate  coupling  loss  factors.  Ir.  this 
formulation  each  plate  is  modelled  as  three  SEA  subsystems  to  take  full  account 
of  the  three  plate  wavetypes.  Accurate  infinite  transmission  coefficients  are 
calculated  using  line  wave  impedance  techniques,  and  these  are  then  converted  to 
coupling  loss  factors  in  the  usual  way. 

Predictions  based  on  this  method  are  compared  with  results  obtained 
from  experiments  using  point  excitation  on  one  side  of  an  irregular  six-sided 
box  structure.  This  work  was  sponsored  by  the  CEC  under  Bri te-EuRam  contract 
number  AER0-0028  and  performed  in  collaboration  with  Agusta,  MBB,  Westland, 

BrQel  a  Kj*r,  CIRA,  and  Southampton  University.  The  agreement  is  shown  to  be 
very  good,  both  for  the  structural  response  and  for  the  internal  noise. 

This  presentation  concludes  that  the  use  and  calculation  of  infinite 
transmission  coefficients  is  the  way  forward  for  the  development  of  a  purely 
predictive  SEA  code. 
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ABSTRACT 

A  firat  broadar  Europaan  study  on  aircraft  In¬ 
tar  ior  activa  noise  control  is  in  progress  in¬ 
volving  22  organizations  locatsd  in  11  dif- 
farant  Europaan  countries.  Tha  aain  tasXe  and 
goals  of  tha  program  ara  described  in  this 
paper  and  selected  praliainary  rasults  ara 
prasanted.  Tha  study  includaa  first  detailed 
aircraft  interior  noise  and  vibration  *aa- 
eurements  in  flight  and  on  tha  ground  on  four 
different  partner  aircraft.  In  addition,  re¬ 
lated  Initial  r.oiae  calculations  without  and 
with  active  noiaa  control  ara  conducted.  Fur¬ 
thermore,  firat  development  work  on  advanced 
actuators  and  sensors  ara  performed  and  de¬ 
monstrator  activa  noiaa  control  units  for 
planned  initial  flight  tasting  ara  developed. 
The  reeultu  obtained  so  far  show  that  activa 
nolee  control  ray  be  an  affective  mean  for 
reducing  tha  critical  low  frequency  aircraft 
interior  noiaa.  First  full  scale  data  evalua¬ 
tion  indicated,  for  example,  possible  noise 
reductions  up  to  15  to  20  dB.  However,  for 
future  practical  aircraft  applications,  fur¬ 
ther  detailed  research  on  this  topic  is  re¬ 
quired  for  optimum  control  system  selection 
as  wall  aa  system  weight  and  size  minimiza¬ 
tion. 


1.  INTRODUCTION 

Initial  assessments  indicate  that  activa 
nolee  control,  tha  introduction  of  anti-noise 
cancelling  tha  original  noise,  has  a  promi¬ 
sing  potential  for  solving  tha  critical  low 
frequency  interior  noiaa  problem  of  fixed 
wing  end  rotary  wing  aircraft.  Tha  problem  is 
caused  by  the  intense  low  frequency  noise  of, 
for  example,  tha  aircraft  propellers  or  heli¬ 


copter  rotors,  which  is  difficult  if  not  im¬ 
possible  to  reduce  applying  light-weight  and 
standard  noise  reduction  measures. 

The  use  of  the  active  noise  control  technique 
is  based  on  an  active  noise  control  system. 

The  system  consists  of  different  sensors  pro¬ 
viding  synchronous  noise  source  signals  and 
measured  residual  interior  noise  data.  The 
main  component  is  a  computerized  control  unit 
which  uses  these  data  ea  inputs  end  which  de¬ 
rives  optimized  output  control  signals.  The 
latter  are  fed  to  a  set  of  actuators  genera¬ 
ting  the  required  anti-noise  fields  for  pri¬ 
mary  noise  field  reduction.  A  scheme  of  such 
e  possible  ay stem  is  shown  in  Figure  1.  Based 
on  the  lew  frequency  content  corresponding  to 
large  wave  lengths  and  the  deterministic 
character  of  the  exterior  source  noise,  very 
high  noise  reductions  at  the  critical  low  fre¬ 
quencies,  above  10  dB,  appear  possible  for 
aircraft  applying  this  noise  control  tech¬ 
nique  . 


woe*  Enqnti 

Figure  1:  Schama  of  possible  active  noise 
control  system 
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In  order  to  meet  th'.s  goal,  however,  exten¬ 
sive  advanced  research  is  required,  for  «x- 
smple,  in  the  field  of  aircraft  interior 
acoustics  including  vibro/acoustic:  interac¬ 
tions,  for  the  development  of  advanced  actu¬ 
ator#  and  sensors,  and  for  optimising  control 
unit  algorithm*  and  rslatad  hardware  compo¬ 
nent#.  This  is  needed  to  meet  tho  sxtrem* 
constraints  given  by  the  complsx  aircraft  en¬ 
vironment,  for  example,  minimum  control  unit 
weight  and  size,  minimum  number  of  actuators 
and  sensora,  easy  implementation  of  these 
components  into  the  aircraft  interior,  adap¬ 
tability  to  instaticnary  flight  conditions, 
vsrioue  safety  aspects  and  others. 

The  major  part  of  the  present  program  is  re¬ 
lated  to  fixed  wing  aircraft  and  has  the  main 
goal  to  initiate  this  requirsd  research  in 
greatar  detail  talcing  the  different  aircraft 
constraints  into  account.  In  particular  first 
information  on  fsasibls  optimum  active  noiae 
control  eyatems  for  future  practicil  applica¬ 
tions  shall  be  identified  and  demonstrated 
during  first  flight  testing.  Also  information 
on  other  important  topics  shali  be  obtained 
euch  am  practical  noise  reduction  potential. 
In  addition,  detailed  baseline  information 
for  further  improving  this  technology  shall 
be  eetablished.  As  a  second  part,  a  workpro- 
grau  on  rotary  wing  aircraft  interior  noise 
control  is  included  in  the  project  attempting 
to  identify,  for  example,  the  most  promising 
reeesrch  methods  that  are  available  for  heli¬ 
copter#  . 

In  thm  following  the  main  tasks  of  these  pro¬ 
gram  parte  sre  briefly  described.  After  this, 
selected  interesting  sxperiaental  and  theore¬ 
tical  result  of  the  flxsd  wing  sircraft  work 
are  presented  and  dlscuesed. 


2.  PROGRAM  MAIN  TASKS  AND  CURRENT  STATUS 

The  program  includes  first  detailed  experi¬ 
mental  as  well  ss  systematic  theoretical 
work.  For  the  fixed  wing  aircraft,  both  cor- 
reeponding  ful*  scale  aircraft  studies  and 
lsborstory  investigations  are  considersd.  The 
progrsm  part  on  rotary  wing  aircraft  includes 
related  leboratory  work,  but  also  some  full 
scale  ground  testing. 


3 . 1  fixed  Wing  Aircraft  Related  Work 

The  main  tasks  of  the  fixed  wing  aircraft  re¬ 
lated  work  can  be  described  and  summarized  as 

follow# : 

-  Summary  and  continuous  evaluation  of  perti¬ 
nent  active  noise  control  work  relevant  for 
thie  etudy 

-  Detailed  experimental  survey#  of  interior 
eound  fields  and  teste  for  determining  opti¬ 
mum  control  systems  in  selected  partner 
sircraft 

-  Theoretical  description  of  interior  sound 
field  and  performance  of  supporting  active 
noiee  control  calculations  for  selected 
aircraft 

-  Data  evaluation  and  preselsction  of  optimum 
control  systam  configurations  and  develop- 
eent  of  demonstrator  control  units  inclu¬ 
ding  hardware  and  software  realization 


-  Integration  of  complets  denonscra tor  -on- 
trol  systems  and  initial  testing  of  these 
aystems  in  ore  of  the  partner  aircraft 

-  Evaluation  of  results  and  reconmendat ions 
for  future  control  system  uprovenents 

The  testing  and  the  theoretical  work  are  per¬ 
formed  cn  four  different  partner  aircraft 
i.e..  Cornier  22S,  Saab  340,  ATR  42  and  Tc<- 
ker  100.  These  aircraft  were  selected  in  or¬ 
der  to  identify  general  noise  control  infor¬ 
mation  and  to  show  that  active  noise  control 
is  faasible  also  in  aircraft  with  large  dif¬ 
ferences  iri  acoustical  character.  The  Dormer 
228  is,  for  example,  a  propeller  aircraft 
with  an  unprassurized  fuselage  with  a  rec- 
tsngular  cross-section.  In  contrast,  the  Saab 
340  and  the  ATR  42  ara  pressurized  propeller 
aircraft  with  a  circular  fuselage  and  the 
FokXer  100  is  a  jet  sircraft  with  aft  mounted 
engines.  In  all  aircraft  low  frequency  tones 
are  present  which  contribute  to  the  overall 
noise  levels.  This  makes  thes*  and  othsr  air¬ 
craft  especially  suitable  for  the  application 
of  active  noise  control. 

The  testing  task  includes  also  the  adapta¬ 
tion  and  developmsnt  of  special  tast  data  pro¬ 
cessing  software  and  first  limited  laboratory 
development  on  r  ivanced  actuators,  which  may 
be  integrated  ii  u  the  aircraft  trim  panel 
with  very  low  weignt  impact.  In  addition,  la¬ 
boratory  teste  on  alternative  noise  control 
approaches,  e.g.  noise  control  in  the  cavity 
between  fuselage  snd  trim  panel  and  active 
damping  are  planned. 

The  noise  control  calculations  are  primarily 
based  on  finite  element  analysis  and  advanced 
analytical  methods.  In  addition  numerical 
sodeling  analyses  are  conducted  based  on  mo¬ 
dels  with  radured  numbers  of  degrees  of  free¬ 
dom.  The  calculations  are  performed  for  the 
same  test  aircraft  and  simplified  structures 
as  uesd  in  the  experiments  and  shall  provide 
detailed  theroetical  inputs  for  selecting  op¬ 
timum  active  noise  control  approaches,  inclu¬ 
ding  optimum  number  and  locations  of  actu¬ 
ators  snd  sensors  for  given  control  systems. 


2 . 2  Rotary  Wing  Aircraft  Related  Work 


Following  a  critical  raview  of  available  re¬ 
levant  knowledge  and  interior  noise  source 
identification,  the  rotary  wing  aircraft  work 
covers  the  following  main  tasks: 

-  Design,  eanuf actur ing  and  tssting  of  a  mo¬ 
del  helicopter  fuselage 

-  Aseessment  of  prediction  codes  and  compari¬ 
son  with  experimental  results 

-  Laboratory  validation  of  a  new  noise  trans- 
aisaion  path  identification  method 

-  Review  and  appraisal  of  active  noise  con¬ 
trol  methods  for  helicoptsra 

The  model  helicopter  fuselage  has  dimensions 
of  approximately  2mx  lax  1.5m  and  is  ex- 
citsd  during  ths  tests  by  a  mechanical  shak*r 
and  plane  acoustic  waves.  The  prediction  code 
assessment  considers  in  particular  finite 
element,  boundary  element  and  statistical  en¬ 
ergy  analysis  methods. 
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The  experimental  validation  of  the  new  noiae 
transmission  path  idanti fact ion  aethod  la 
conduct  ad  on  a  ground  baaad  halicoptar  fume- 
lsge  and  includaa  tha  simulation  of  at  laast 
six  flight  conditiona  with  known  ratios  of 
sirbome  snd  structuraborna  components. 


2.3  Currant  Statua 

Tha  project  atartad  July  l,  1990,  and  sinca 
than  progressed  extrsmsly  vail.  For  axampla, 
for  tha  fixed  wing  aircraft  related  part,  all 
plsnnad  taats  in  tha  aalactad  partnar  air¬ 
craft  and  moat  of  tha  plannad  theoretical 
work  could  ba  performed  and  finished  aa  ache- 
dulad.  Zn  addition,  succaaafull  daaign  re- 
viawa  vara  hald  on  tha  davalopad  demonstrator 
control  systems.  Ona  of  tha  control  ayatama 
could  ba  alraady  auccaaafully  taatad  in  a 
full  acsla  aircraft  fuaalaga  tast  saction  on 
tha  ground  and  will  ba  flight  taatad  vary 
soon  aa  plannad.  Similar  progresa  haa  bean 
sada  for  tha  rotary  wing  aircraft  part.  Host 
of  chia  work  could  ba  finiahad  in  time  inclu¬ 
ding  all  model  halicoptar  taating  and  ralat3d 
thaoratical  work. 


3.  AIBCBArT  TESTS  AMD  RJElATrD  RESULTS 

Tha  experiments  on  tha  diffarant  partner  air¬ 
craft  mentioned  in  Saction  2  hava  played  an 
important  rola  in  tha  preeent  projact.  It  vaa 
considered  aa  a  vary  direct  method  to  arrive 
at  feaelble  control  system  configurations  for 
later  flight  desonatration. 

The  measurements  coneiated  of  two  parte. 
First,  tha  in-flight  primary  noise  fialda  in 
tha  aircraft  ware  recorded  in  great  detail  to 
clearly  identify  the  noiee  diatributiona 
which  need  to  be  controlled.  Secondly,  exten- 
aiva  ground  taata  ware  conducted  for  varioue 
positions  of  secondary  sources  to  determine 
an  effective  aecondary  aound  field  for  noise 
cancellation.  After  tha  taata,  the  data  ware 
evaluated  and  related  optimun  aecondary  sour¬ 
ce  conf igurationa  including  source  number  and 
source  poeitlona  ware  aalactad. 


3 . 1  Aircraft  Flight  Taata 

For  performing  theae  taata,  apecial  teat 
equipment  was  provided  including  a  movable  an¬ 
tenna,  which  could  be  equiped  with  up  to  25 
microphones,  see  Figure  ?.  Tha  antenna  was 
adaptable  to  tha  size  of  tha  four  different 
aircraft  and  was  located  at  up  to  about  20 
diffarant  aactiona  equally  spaced  in  flight 
direction.  With  this  tha  noise  distribution 
including  amplitude  and  phase  information  of 
tha  various  propeller  or  angina  tones  could 
ba  in  detail  measured  in  tha  entire  passenger 
cabin  (Dornier  228  and  Saab  340)  or  in  an  ex¬ 
tended  part  of  it  ( ATS  <2  and  Fokker  100) .  In 
addition,  a  large  number  of  accalaroaetera , 
typically  80,  wera  located  on  different  pri¬ 
mary  structure  locations  and  on  tha  trim  pa¬ 
nels  for  identifying  operating  vibration  de¬ 
flection  shapes.  Furtharmore,  aavaral  other' 
informations  ware  recorded  such  aa  propeller 
or  angina  tachoaetar  aignala,  ralative  pro- 
pellar  angle  variationa  and  axtarnal  noiae 
distributions.  These  data  wera  used  to  sepa¬ 
rata  tha  recorded  data  into  left  and  right 
propeller  or  engine  contr ibutione,  for  opti¬ 
mizing  the  control  ayatea  deeign  and  (or 
planned  interior  noiee  predictions. 


Figure  2:  Microphone  antenna  for  in-flight 
interior  noise  surveys 


A  typical  result  of  the  noise  measurements  is 
given  in  Figure  3.  Tha  figure  shows  tha  in¬ 
terior  noiae  level  contour  of  tha  Dornier  228 
in  four  vertical  croaa-aactiona  and  in  tha 
plana  of  tha  passenger  heads.  Zn  addition, 
Figure  4  show  fuaalaga  vibrational  modes  aa 
identified  from  vibration  data  measured  also 
during  this  teat.  These  and  other  data  provi¬ 
ded  first  inputs  for  selecting  promising  se¬ 
condary  source  position  tasted  after  tha 
flight  measux aments  on  tha  ground. 


Figure  3:  Noise  distribution  aeasured  in 
Dormer  228  (lxBPF) 
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a)  f  -  102  Hi 


b)  f  -  204  Hz 


Figure  6:  Integrated  speakers  for  first  ac¬ 
tuator  testing  in  Donuir  223 


rigura  4:  ruselage  vibrational  modes  of 

Dornier  228  idantifiad  by  maasure- 

sants 


3 . 2  Aircraft  Ground  Tests 

During  tha  ground  tasts,  in  each  aircraft 
typically  around  45  sacondary  sourcs  posi¬ 
tion*  vara  tastad.  As  sourcas  essentially 
loudspeakers  but  aiao  shakers  vara  usad  sa  s 
first  stap  invastigat ion.  In  two  aircraft 
(Domiar  228  and  Fokker  100)  tha  loudspsakers 
vara  partially  intagratad  into  tha  tria  pa- 
nals  or  mounted  in  closad  voodan  boxas  and 
thrn  attschad  to  thasa  pars  is.  In  addition, 
loudspeaker  boxas  piacad  on  tha  fioor  wars 
tested.  For  tha  shsker,  proaising  positions 
on  tha  primary  structura  snd  on  tha  tria  pa- 
nals  vara  salactad.  Tha  noisa  ganaratad  by 
thaaa  sourcas  vas  aassurad  during  thasa  tsats 
in  tha  plsna  of  tha  passangar  haads  using  a 
spacisl  horizontal  intanna  vith  25  aicro- 
phonaa.  Two  aalactad  photographa  of  thia  taat 
set-up  ara  shown  in  Figuras  5  and  6.  In  tha 
tvo  othar  aircraft  (Saab  340  and  ATR  42)  ths 
raciprocity  tachmqua  was  appiiad  for  tha 
loudspeaker  tast  to  study  tha  iargast  number 
of  sourcaa  and  to  raduca  tssting  tiaa.  Tha 
tachniqua  vas  confiraad  by  rafarancs  taats 
snd  involvad  siaiiar  measurement  positions  as 
for  tha  othar  aircraft. 


Figurs  5:  Horizontal  microphone  antenna  for 
actuator  ground  tssts 


During  sil  tasts  tha  sourca  and  aicrophons 
signals  and  tha  raistad  transfer  functions 
vara  determined.  From  thasa  data  tha  ampli- 
tuda  and  phasa  distribution  of  tha  sacondary 
noisa  fiald  in  tha  plana  of  tha  passangar 
haads  of  sach  sourca  vas  sxtractad  at  tha 
fraquanciaa  of  interest  of  tha  prcpaliars  or 
anginas.  Tvo  saiactad  examples  of  thasa  re- 
sults  srs  givan  in  Figurss  7  and  8.  Figur  7 
ahovs  tha  sacondary  sound  fiaid  in  tha  coi- 
plata  paassngar  cabin  of  tha  Dornier  220  ga¬ 
naratad  by  a  loudspeaker  i oca tad  at  tha  raar 
wall  of  tha  cabin.  As  aay  ba  aaan  tha  sound 
fiaid  has  a  typical  standing  wave  bahaviour 
rasaabiing  a  longitudinal  noda.  Figure  8  pre- 
sants  the  sacondary  sound  fiaid  in  tha  rsgion 
of  tha  six  sft  saat  of  tha  Fokkar  100  pro¬ 
duced  by  a  loudapasJcer  locatad  balov  a  saat 
at  tha  right  hand  cabin  sida.  In  this  case,  a 
typical  running  vava  bahaviour  of  tha  aound 
fiaid  say  ba  notad.  Thus,  as  axpected,  prin¬ 
cipally  different  typas  of  sacondary  sound 
fialds  asy  ba  ganaratad  and  tha  salaction  of 
optimum  sacondary  sourca  configurations  Bust 
ba  carafully  performed. 


3 . 3  Data  Evaluation 

In  tha  prssant  study  tha  determination  of  op¬ 
timum  sacondary  sourca  configurations  for  the 
different  aircraft  vas  to  a  large  extant 
basad  on  tha  flight  and  ground  tast  data  des¬ 
cribed  before.  For  tha  corresponding  evalua¬ 
tion  s  special  conputar  program  vaa  developed 
handling  effectively  tne  established  large 
data  base. 

Tha  coaputsr  program  usad  an  optimization  al¬ 
gorithm  for  tha  amplitude  and  phasa  optimiza¬ 
tion  of  tha  sscondary  sourcsa,  together  with 
tha  data  of  tha  primary  fiaid  and  tha  large 
number  of  different  sacondary  fields.  For  sa¬ 
iactad  combinations  of  sourca  positions  tha 
moat  favourable  secondary  sound  fiaid  genera¬ 
ting  tha  highest  noisa  reduction  s  calcula¬ 
ted.  During  later  evaluations  a i s  the  power 
consumption  of  tha  different  sources  was  con¬ 
sidered.  As  tha  number  of  poasibiiitiaa  of 
combining  ail  tasted  secondary  source  posi¬ 
tions  vas  virtually  infinite  the  real  optimum 
conf iguration  for  active  noisa  control  could 
not  be  detsrmined.  Hovever,  several  practical 
approaches  could  ba  applied  to  obtain  confi¬ 
gurations  near  thia  optimum.  In  addition,  the 
sensor  microphone  locations  could  ba  opti¬ 
mized  An  ssvsrai  ways  using  tha  developed 
coaputsr  program. 
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Figure  7:  Measured  secondary  noisa  field  of  a 
apeekcr  at  the  raar  cabin  wail  of 
tha  Dorniar  228 


mrnmnwf+mi 


Figure  is  Heaaured  aacondary  noiaa  fiald  of  a 
apeaker  below  a  aaat  at  tha  right 
hand  cabin  a  Ida  of  tha  FokXar  100 


In  Figure  9,  aalactad  potantial  noisa  reduc- 
tlona  obtainad  by  applying  thia  avaluation 
for  aacondary  loudspeaker  aourcea  ia  plotted 
varaua  tha  lourca  number.  Tha  data  correspond 
to  tha  fundaaantal  propellar  or  angina  tone 
and  praaant  average  valuea  of  48  sanaor  Mi¬ 
crophones  in  tha  plana  of  tha  paaaenqer  heeda. 
Additional  raaulta  correaponding  to  32  sour¬ 
ces  and  the  total  microphone  measurement 
plana  are  given  for  tha  TokXer  100  in  Fi¬ 
gure  10.  It  follows  froa  these  results  that 
active  noiaa  Control  »ay  be  very  effective 
In  the  varioua  aircraft  and  say  produce  noisa 
raductlona  up  to  20  dB.  Tha  aoaevhat  lover 
noisa  reduction  Identified  for  the  Dormer 
228  may  indicate  that  rectangular  fuselages 
are  poaaibly  sosewhet  less  suitable  for  thia 
technique  than  typical  circular  ones.  However 
alao  for  thia  aircraft  interesting  noise  re¬ 
ductions  up  to  15  dB  ware  found. 


Figure  9:  Determined  noiae  reduction  (HR)  for 
ective  noisa  control  based  on  actu¬ 
ator  ground  tasting 


a)  Without  iictive  noist  ronirol 
(ba*ed  on  flight  lest) 


Quiei 

Direction  of  flight 


3  dB 


Lmid 


hi  With  JCtive  noke  control 
(bused  on  uciujtor  ground 
teMs  Miurces) 


Figure  10:  Determined  riolze  levels  in  the 
plane  of  passenger  heads  of  the 
rear  part  of  the  Fokker  100  with¬ 
out  and  with  acuv*  noisa  control 
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4 .  FINITE  ELPIENT  CALCLTLATTONS  AND  FTRsT 

RESULTS 


The  finite  e lament  calculations  within  this 
program  ere  divided  into  two  different  tasks. 
Onu  task  la  conc»rnad  with  primary  inte- 
rior  noiaa  pradictions  (primary  response) ,  the 
othmr  ia  ralatad  with  interior  active  noise 
control  aimulationa  (sacondary  response* .  The 
first  part  waa  in  detail  performed  for  the 
Dorniar  228  and  Saab  340.  It  providas  the  re¬ 
quired  analysis  data  bast  for  tha  related  se¬ 
cond  part  calculations  and  haa  baan  to  a 
large  extent  concl  dad.  Tha  aacond  part  cal¬ 
culation#  sra  still  in  prograaa. 

Tha  primary  response  analyse#  conaiatad  of 
.he  following  work: 

-  Description  of  external  excitation  field 

-  Aircraft  fuealage  and  cavity  finite  element 
modelling 

-  Eigenvalue  snalysaa  of  corplata  coupled 

system 

-  Response  calculations  for  external  field 
•xcitst ion 

In  tha  following  these  topics  are  briefly 
dajcribad  and  selected  results  are  given. 

4 . 1  External  Excitation  fields 


For  the  Oornier  228  the  external  acoustic 
pressure  was  aeaeuied  during  the  flight  tests 
with  10  outside  microphones  at  each  aide  of 
the  aircraft  for  e  given  favourable  syncro- 
fhaser  setting.  Baaed  on  these  data,  which 
were  dominated  by  propeller  noise,  related 
left  end  rignt  hand  aide  pressure  and  phase 
distributions  were  determined  as  inputs  for 
the  planned  response  calculation.  Figure  11 
shows  as  sn  example  the  determined  pressure 
field  of  the  first  blade  passage  fr*quency 
tone  of  102.0  dz  (lxBPF)  at  the  right  side  of 
the  aircraft.  As  can  be  eeen,  the  pressure 
has  e  etroro  peek  near  the  plane  of  the  pro¬ 
peller.  This  end  the  related  left  hand  aide 
pressure  field  was  used  together  with  the 
corresponding  phase  distribution  ee  excita¬ 
tion  force  field  for  the  lx  BPF  reeponee  cal¬ 
culations.  In  addition  it  was  used  as  appro¬ 
ximate  force  field  for  frequencies  below  LxBPF 
and  up  to  about  l.SxBPF  to  nbtain  *leo  for 
these  frequencies  first  response  information. 

For  the  Saab  340  the  external  acoustic  pres¬ 
sure  field  is  sleo  dominated  by  propeller 
noise.  The  pressure  field  was  predicted  using 
an  svailsble  propeller  noise  prediction  cede 
and  taking  installation  effects  into  account. 
The  fundamental  propeller  tone  has  a  fre¬ 
quency  of  84.7  Hz.  For  the  first  response  cal¬ 
culations  the  pressure  field  was  calculated 
for  the  plane  of  the  propellers  around  the 
circumference  of  the  aircraft.  It  was  then 
assumed  to  be  constant  in  axial  direction 
over  e  width  of  about  0.5  m  including  the 
propeller  plane  based  on  the  strong  peak  of 
the  pressure  field  around  the  plane  of  rota¬ 
tion.  Since  the  pressure  field  of  each  pro¬ 
peller  is  not  stationary  in  spacs  both  real 
snd  imaginary  parte  were  calculated.  The 
etructural  reeponees  were  analyzed  correspon¬ 
dingly  end  thue  coneist  also  c2  these  parts. 


Figure  11:  Applied  external  pressure  field  of 
Dormer  228  based  on  teat  data 
(fuselage  right  side,  lxBPF) 


4 . 2  rinlte  Element  Models 

For  both  aircraft,  the  finite  element  ideali¬ 
zation  consisted  of  separate  models  for  the 
fuselage  structure  and  the  encloeed  air  cavi¬ 
ty,  which  for  the  analyses  were  correspon¬ 
dingly  coupled. 

For  the  Dorniar  228  the  full  passenger  com¬ 
partment  was  idealized.  For  the  structural 
mode \  detailed  design  influences  were  taken 
into  account  such  as  local  stiffeners  wall 
panels,  windows  etc.,  in  addition  to  standard 
frame,  stringer  end  floor  constructions.  A 
view  of  this  model  is  shown  in  Figure  12a. 

The  model  was  eet-up  to  predict  structural  mo¬ 
des  up  to  350  Hz.  The  acoustic  cavity  was 
idealized  in  a  way  to  represent  especially 
the  plane  of  the  passenger  heads  and  to  get 
accurate  eigenvalue  results  up  to  about 
400  Hz.  A  view  of  this  model  is  shown  in  Fi¬ 
gure  12b. 

The  structural  model  of  the  Saab  340  was 
built  up  by  two  sub-nete  each  represent’ ng 
one  half  of  e  fuselage  nectinn  of  3  m  length 
located  in  the  main  propeller  noise  excita¬ 
tion  region.  A  picture  of  this  model  inclu¬ 
ding  similar  design  details  as  tha  model  of 
the  Dorniar  228  is  given  in  Figure  13a.  The 
model  of  the  acoustic  cavity  included  four 
eub-nets  end  covered  the  entire  cabin  length. 

A  view  of  the  total  cavity  model  is  shown  in 
Figure  13b.  Using  eub-nete  for  the  structure 
and  cavit/  the  calculation  time  for  each 
step  could  be  reduced  to  a  reasonable  amount. 


*  .  3  Eigenvalue  Ana  lyse s 
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figure  12:  Dornier  228  fuselage  and  cavity 
finite  element  idealisation 


For  the  Dernier  228,  uncoupled  eigenvalue 
analyses  fer  the  structure  and  cavity  ware 
performed.  The  model  for  the  structure  and 
cavity  had  about  22000  and  1*000  degrees  of 
freedom  which  were  reduced  for  this  analyses 
to  about  2400  and  2100,  respectively.  The 
analyses  provide  the  aodal  basis  for  ".he 
coupling  pro-edu.s  and  yielded  important  j - ■ 
coupled  node  information  nezeseary  f  **.-  .  i  *  - 
preting  the  coupled  results.  About  :0C  str  c- 
tural  and  250  cavity  frequencies  were  calcu¬ 
lated  for  frequencies  up  to  409  Hz  and  470  Hz, 
respectively.  Two  typical  results  are  shown 
in  figure  14.  The  used  coupling  procedure  waa 
a  modal  eynthesia  of  the  uncoupled  structure 
and  cavity  nodes.  Both  syetems  wars  connected 
at  their  common  interface  area  at  950  points. 
The  related  coupled  analyeee  yielded  coupled 
system  nodes  as  linear  combination  of  all  un¬ 
coupled  modea  with  different  weighting  and 
covered  eigenvalues  up  to  470  Hz.  The  resul¬ 
ting  arde-ehapes  /ere  claseifiad  aa  struc¬ 
ture-dominated  modes,  cavity  dominated  modes 
or  simply  as  coupled  codes  if  both  structure 
and  cavity  unccupled  modes  were  about  equally 
involved . 


Figure  14:  Selected  uncoupled  structure  and 
cavity  ”  Jes  of  Dornier  228 
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ha  eigenvalue  analyses  of  the  Saab  340  fol¬ 
lowed  similar  steps.  Fi^st  the  eigenmodes  of 
each  of  the  sub- structures  were  extracted. 
Since  the  frequency  considered  was  up  to 
about  400  Hz,  approximately  up  to  about  150 
eigenmodes  were  obtained.  These  eigenmodes 
then  entered  the  equations  at  the  next  higher 
level  of  substructure  hierarchy  as  the  de¬ 
grees  of  freedom  of  the  substructures.  In  the 
last  step  the  pioblem  was  solved  at  the  main 
net  level  and  the  lowest  255  coupled  system 
eigetjiodes  were  calculated  With  this  modal 
synthesis  the  total  number  of  degrees  of  free¬ 
dom  of  about  60000  wae  reduced  to  about  5000. 
The  obtained  eigenmodes  were  classified  simi¬ 
lar  as  described  above.  The  structural  part 
of  an  identified  important  coupled  mode  at 
the  frequency  f  ■  85.5  Hz  of  the  Saab  340  is 
shown  as  example  in  Figure  15. 


Figure  13:  Saab  340  fuselage  and  cavity 
finite  element  idealization 


4 .  .  Pesponse  Analyses 

The  response  analyses  were  performed  for  the 
exterior  pressure  fields  ae  described  before. 
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figure  13:  Structural  part  of  coup  Lad  Mod*  1"* 
of  Saab  ZAO  (f  -  85.5  Hz) 


Tot  t ha  Dorniar  2*8  corraspcnd ing  calcula¬ 
tion*  vara  conductad  for  frequencies  between 
30  Hi  and  150  Hi  to  *how  all  critical  reso- 
nancai  which  may  be  excited  in  this  frequency 
range.  example  of  tha  obtainad  results  is 
given  in  Figura  16.  Tha  figure  shows  predic- 
tad  interior  noisa  spectra  avaragad  ovar  all 
point*  of  tha  vhola  cavity.  Hereby  no  modal 
damping  or  a  damping  of  0.8%/10%  for  struc- 
ture-dominat ad  and  of  0.11/0.2%  for  cavity- 
dominated  modes  was  assured.  Figure  17  pre- 
mcnte  a  3-d iaens lona  1  plot  of  indivilual 
spmctra  avaragad  ovar  all  points  in  different 
33  croae-aectiona 1  planes  in  axial  direction. 
Furthermore,  in  Figura  18  predicted  pressure 
distributions  for  102  Hi  and  103  Hi  excita¬ 
tion  are  given  for  tha  plana  of  tha  passangar 
heade.  From  these  and  other  results  lndica- 
tiona  vara  found  that  tha  structure  may 
strongly  influence  the  cavity  response.  Also 
tha  tendency  was  identified  that  especially 
transverse  mode  govern  tha  resulting  overall 
•ound  pressure  level  in  the  front  cabin  sec¬ 
tion  . 

For  the  Saab  340  generalized  responses  for 
the  different  rodes  where  calculated  for 
IxflPF  and  2x8PF.  Furthermore,  acoustic  and 
structural  responses  for  these  excitation  fre¬ 
quencies  where  predicted  in  fora  of  sound 
pressure  contours  and  deflection  shapes.  Cor¬ 
responding  results  are  given  in  Figures  19  to 
21.  From  the  generalized  response  diagram 
shown  in  Figure  19  it  follows  that  the  lx3PF 
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Figure  17:  Predicted  frequency  dependent 

average  noisa  levels  inside  Dor¬ 
mer  228  versus  fuselage  axial  di¬ 
rect  ion 


response  is  dominated  by  only  a  few  lodet 
Most,  of  these  modes  were  classified  as  strong¬ 
ly  coupled  modes  witn  the  exception  of  Mode  20 
which  was  deemed  to  be  a  cavity-dominated  Bo¬ 
de  Since  all  of  the  interesting  modes  showed 
a  core  or  less  clear  side  side  behaviour,  the 
related  response  in  the  cavity  cin  be  expec¬ 
ted  to  look  also  like  a  side-side  pressure 
variation.  The  lxBPF  response  due  to  left 
propeller  excitation  ie  dominated  by  the  same 
modes  as  the  one  due  to  right  prcpeller  exci¬ 
tation  with  one  addition,  I'vie  22.  This  mode 
which  is  a  symmetrical  structural  eode  of  the 
S4  type  (4  circumferential  wave  lengths), 
gives  a  local  pressure  increase  cloee  to  the 
top  of  the  cavity  which  eight  result  in  a 
distort ' on  of  the  otherwise  dominating  side- 
side  behavior.  Figure  20  confirxs  that  the 
acoustic  response  at  lxBFF  is  clearly  one  of 
the  side-side  type.  i.e.  high  pressure  at  tJh# 
sidewalls,  with  a  tendency  of  a  decaying  pres¬ 
sure  towards  the  rear  of  the  cabin.  The  rela¬ 
ted  structural  response  of  the  frames  in  the 
propeller  plane,  is  a  combined  A4/S4  response 
in  the  real  part  and  a  pure  A4  ( art  i-sy-aae- 
tric)  in  the  imaginary  part,  see  Figure  21. 


Figure  lb  Predicted  overall  average  .nterior 
noise  of  Dornie-  Z 2b  versis  fre- 
quenc>  (coupled  response ) 


Figure  18: 


Calculated  noise  d'stributicn  in 
the  plane  of  the  passenger  heads 
of  Dormer  228 
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5.  Pfcl£L~t-*E?n‘  WCPK  SN  ArVANCTL  ACTUATORS 

A  big  problem  of  applying  active  novae  ar.d'f 
vibration  control  to  aircraft  »ay  b#  tna 
weight  of  the  actuators  ( loudsp«»aXar  ar.d/or 
shaker  systems),  necestary  for  generating  the 
secondary  noise  znd/or  vibration  field.  The 
required  performance  of  loudspeakers  vs,  Cor 
exazple,  a  high  acoustic  output  at  frequen¬ 
cies  below  500  Hz.  Currently,  the  smallest 
conventional  loudspeaxars  which  will  seat 
this  requirement  have  a  waight  of  uora  than 
1.3  kg.  Since  e  larger  number  of  such  sources 
may  be  needed  for  aircraft  to  obtain  a  global 
noise  reduction  in  the  cabin,  the  resulting 
total  weight  of  the  control  system  could  be 
very  large. 


Figure  19:  Generalized  response  diagram  of 
Seeb  340  for  IxSPF  and  left  and 
right  propeller 


Figure  20:  Predicted  acoustic  part  of  coupled 
response  of  Saab  340  for  IxfiPF  due 
to  right  propeller 


In  the  present  study,  therefore,  initial  de¬ 
velopment  work  on  advanced  actuators  has  bean 
included.  8y  advanced  actuators  new  loadspea- 
ker  and  shaker  systems  are  meant  which  ars 
especially  designed  for  meeting  the  stringent 
aircraft  needs.  A  basic  idee  was  to  develop 
actuators  which  are  more  or  less  an  integra¬ 
ted  part  of  the  interior  trim  and  which  ars 
restricted  to  the  required  lew  frequency 
range  so  that  significant  weight  and  spaca 
can  be  sevad.  In  the  following  an  outline  of 
this  work  and  some  selected  results  are  given, 


S . 1  Studied  Actuator  Deslqna 

The  actuators  studied  in  this  program  ere  pri¬ 
marily  based  on  the  piezo-electric  end  the 
electrodynamic  principle. 

The  advantages  of  the  piezo-electric  prin¬ 
ciple  are  the  simple  and  robust  design,  the 
high  forces,  end  the  low  weight.  The  major 
disadvantage  is  the  small  diaplacaaent .  This 
disadvantage  may  however  be  overcome  by  uti¬ 
lizing  the  bimorph  principle.  Here  the  piezo¬ 
electric  material  is  combined  to  an  elastic 
materiel,  which  will  amplify  the  displacement. 
By  applying  a  thin  piezo-electric  polymer 
film  (PVDF)  to  a  specially  designed  trim  pa¬ 
nel  the  whole  panel  may  be  made  to  radiate 
sound,  thus  creating  a  simple  end  robust  loud- 
speeker  with  nearly  no  additional  weight.  The 
principle  of  such  a  design  is  illustrated  in 
Figure  22. 


Piezo-electric  polymer  film 


Panel 


Electric 

voltage 


Figure  21:  Calculated  structural  part  of  coup-  Fiqura  22:  Principla  of  piezo-alectr ic  poly- 
led  response  of  Saab  340  for  IxBPF  mer  film  attached  to  a  pa.iel 

due  to  right  propeller 


138 


V 


Another  configuration  studied  included  a  sand¬ 
wich  designs  of  PVDF  layers,  which  war*  at- 
tachad  to  a  Dorniar  228  trim  panal  for  tes¬ 
ting.  Diffarant  numbers  of  PVDF  layar*  vara 
considered.  A  photograph  of  this  daaign  is 
shown  in  Figure  23. 

Furthermore ,  designs  using  a  number  of  small 
pieio-electi ic  drive  units  or  a  number  of 
saall  coil/magne t-systsms  vara  evaluated.  The 
units  axcita  in  parallel  a  large  stiff  noise 
radiating  area,  which  could  be  the  trim  panel 
or  part  of  it.  Speakers  with  radiation  area 
0.2  and  with  a  height  of  lass  than  25  am 
or  35  mm  are  currently  undergoing  tests  for 
installation  in  a  Dorniar  228  calling  trim 
panal.  The  design  is  shown  in  Figura  24. 


Figura  23:  First  design  of  PVDF  actuators 

integrated  into  Dorniar  228  tris 
panal 
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Figure  24:  Trim  panal  design  including  piezo¬ 
electric  or  electrodynanic  drive 
units 


The  results  available  so  far  thus  rhow  that 
advanced  actuator  designe  have  a  great  poten¬ 
tial  for  aircraft  active  noise  and/or  vibra¬ 
tion  control.  However,  in  order  to  define  and 
provide  feasible  conf igurat iona ,  related 
additional  detailed  research  is  required. 


5.2  Performed  Test 

The  different  actuator  designs  have  been 
firstly  tested  in  the  laboratory  on  stand 
alone  units  in  order  to  improve  the  knowledge 
on  their  dynamic  behaviour  end  their  para¬ 
meter  seneitivity. 

After  the  selection  of  most  suitable  designs, 
sets  of  these  actuator  units  have  been  moun¬ 
ted  on  reel  aircraft  trim  panels  in  order  to 
deal  directly  with  the  coupling  end  integra¬ 
tion  aspects.  For  this  integration,  large  ef¬ 
fort  has  been  devoted  to  the  whole  dynamic 
trim  panel  behaviour,  including  global  stiff¬ 
ness,  damping  ratio,  boundary  conditions  etc. 
The  trim  panels  were  then  tested  to  determine 
important  parameter  such  as  acoustic  effi¬ 
ciency,  harmonic  distortion  and  others. 

An  example  of  the  rssults  of  the  trim  panel 
test  is  given  in  Figure  25  together  with  some 
theoretical  data.  The  figure  shows  the  sound 
pressure  level  at  1  a  distance  from  the  panel 
for  e  trim  panel  actuator  design  as  shown  in 
Figure  23  but  not  with  three  but  only  with 
one  actuator.  As  can  be  seen,  the  noise  radi¬ 
ation  includes  as  desired  rather  low  frequen¬ 
cies.  However,  similar  as  for  other  first  de¬ 
signs  ths  radiated  noise  levels  are  compara¬ 
tively  low,  in  the  shown  example  only  up  to 
about  70  dB.  Thir  3*-*\ci.»ncy  could  be  over¬ 
come  with  later  improved  designs  shoving 
noise  levels  up  to  more  than  100  dB. 


Frequency 


Figure  25:  Radiated  noise  levels  of  the  first 
trim  panel  integrated  PVDF  actu¬ 
ator  design 
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6.  DEMONSTRATOR  CONTROL  SYSTP1  DEVELOPMENT 
ARP  flRST  RESULTS 

In  the  first  count  of  t he  program  t he  estab¬ 
lished  experimental  end  theoretical  rasulta 
vara  carafully  avaluatad  aa  soon  aa  they  be¬ 
came  available.  Basad  on  this,  a  prafarable 
noiaa  control  approach  vaa  eclected,  which 
via  tha  required  maximum  number  of  actuators 
and  aanaora  could  atrongly  influenca  tha  de- 
■onatrator  control  unit  dafinition.  In  addi¬ 
tion,  othar  important  tasks  vara  performed 
such  aa  selection  of  feasible  actuators  and 
aanaora,  simulation  of  different  control  al¬ 
gorithms  and  preliminary  selection  of  control 
unit  architecture.  Using  tha  results  of  these 
partial  studies,  tha  control  unit  hardware 
set-ups  vara  defined  and  required  software 
vaa  realized  and  tasted.  Finally,  tha  re¬ 
quired  hardware  boards  and  components  ware 
realized  and  integrated  to  tha  complete  de¬ 
monstrator  control  unite. 


6 . X  Outline  of  Overall  Control  System 

Aa  preferable  noise  control  approach  loud¬ 
speakers  ond/or  advanced  actuators  both  im¬ 
plemented  into  tha  trim  panels  of  tha  selec¬ 
ted  Domier  228  teat  aircraft  were  chosen. 
With  this  first  detailed  results  on  this 
approach  could  be  obtained,  important  for  fu¬ 
ture  control  technique  improvements.  As  con¬ 
trol  aeneore,  microphones  of  rather  email 
else,  about  6.0  am  diameter,  were  used.  The 
poeltlona  and  the  number  of  the  actuators  and 
aeneore  were  strongly  baaed  on  the  teat  data 
evaluation  described  in  Section  3.  In  order 
to  achieve  highest  feasible  noise  reductions 
32  output  end  48  input  channels  were  selec¬ 
ted.  With  this  also  a  versatile  system  for 
future  more  detailed  investigation  was  Bade 
available. 


6.2  Control  Unit  Description 

Until  the  present  time  one  of  the  realized 
demonstrator  control  unite  could  be  preli¬ 
minary  tested  under  simulated  flight  condi¬ 
tions  on  the  ground.  The  tested  control  unit 
la  partlfilly  comprised  of  available  standard 
boards,  especially  for  the  non-critical  tasks 
such  as  AD  and  0A  converting.  In  addition, 
special  boards  were  used  for  overall  system 
management,  main  tasks  sequencing  and  data 
transfer  control. 

In  the  control  unit  both  a  time-domain  and  e 
frequency  domain  control  algorithm  are  imple¬ 
mented.  The  time-domain  algorithm  la  baaed  on 
a  multi  Input/multi  output  algorithm  which 
wee  implemented  with  an  asynchronous  sampling. 
The  froquency  domain  control  algorithm  uses 
complex  amplitudes.  It  identifies  on-line  the 
secondary  transfer  function  of  each  actuator 
and  each  sensor. 

6.3  Initial  Laboratory  Testing 

Before  flight  testing  initial  laboratory 
teste  were  performed  on  the  control  system 
described  before,  for  overall  system  checks 
and  possible  control  unit  adjustments. 

In  order  to  conduct  these  tests  under  condi¬ 
tions  as  realistic  aa  possible,  uee  was  made 
of  the  Dornier  328  Acoustic  Test  Cell  (ATC) . 
This  facility  is  located  in  a  laboratory  and 
consist  of  a  large  Dornier  328  fuselage  sec¬ 


tion  extending  over  the  entire  aircraft  ca¬ 
bin.  Tha  propeller  noise  is  simulated  by 
three  external  and  softly  attached  full  cir¬ 
cle  loudspeaker  rings  including  e  total  of  60 
separately  enclosed  speakers.  The  speakers 
era  driven  by  an  advanced  60-channel  compu- 
ter/aaplif ier  eyetea  permitting  to  generate 
external  pressure  fields  with  quite  realistic 
phase  distributions. 

For  performing  the  teste  in  the  Dornier  328 
ATC,  loudspeakers  enclosed  by  suitable  wooden 
boxes  were  used  as  actuators  end  ettached  to 
the  inner  fuselage  structure  at  preselected 
poeitione.  The  poeitione  were  only  epproxima- 
tely  chosen  ae  only  general  syetem  functional 
teetm  need  to  be  conducted.  As  eeneore  the 
selected  system  microphones  were  used  which 
were  placed  in  the  plane  of  tho  peeeenger 
heade  ee  planned  for  leter  flight  testing. 

The  required  propeller  synchronization  sig¬ 
nals  were  provided  by  the  exterior  nolee  ge- 
neretion  syetem  which  was  adjusted  to  propel¬ 
ler  frequencies  corresponding  to  the  selected 
test  aircraft.  A  photograph  showing  this  test 
set-up  is  given  in  Figure  26. 


Figure  26:  Laboratory  active  noise  control 
test  set-up  in  Dornier  328  ATC 


The  leboratory  testing  in  the  Dornier  328  ATC 
was  very  eucceeefull.  A  selected  preliminary 
result  is  shown  in  Figure  27.  The  data  wore 
obtained  for  the  described  control  unit  with 
selected  time-domain  algorithm  and  correspond 
to  the  averaged  noise  level  at  the  used  sen¬ 
sor  microphone  without  end  with  active  noise 
control.  Ae  can  be  seen,  noise  reductions  of 
about  15  dB  at  lxBPF,  16  d&  at  2xBPF,  and 
10  dB  et  3xBPF  were  measured.  In  addition  and 
that  eeeme  to  be  of  equal  “importance,  walking 
of  several  peoples  in  the  ATC  during  the  test 
seemed  to  have  no  large  effect  on  this  result 
and  yielded  the  impression  of  a  rather  global 
noise  reduction.  Furthermore,  the  power  con¬ 
sumption  of  all  loudspeakers  during  this  test 
was  measured  to  be  only  about  40  watts  which 
is  relatively  low. 
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Figure  27:  Prelininary  active  noiaa  control 
reault  of  Dormer  328  ATC  tasting 


7.  CONCLUDING  REMARKS 

The  expariMental  and  theoretical  results  of 
the  ASANCA  program  siuiunari2ed  in  thia  paper 
provided  vary  important  information  on  air¬ 
craft  intarior  activa  noiaa  control. 

Tha  avaluation  of  tna  performed  aircraft 
flight  and  ground  taat  indicate,  for  exasple, 
a  noisa  raduction  potential  of  thia  tachniqua 
up  to  about  15  to  20  dB  for  tha  firat  propel- 
lar  tcna  (lxBPF)  dapanding  on  tha  number  of 
aacondary  aourcaa  uaad.  During  tha  laboratory 
taating  of  ona  of  tha  davalopad  control  sys¬ 
tem*  in  tha  Dorniar  328  Acoustic  Tast  Call 
(ATC)  preliminary  data  avaluation  shovad 
noiaa  raductions  of  about  15  and  16  dB  for 
lxBPF  and  2xBPF  and  about  10  dB  for  3xBPF. 

Thia  ia  in  good  agraaaant  with  tha  raaulta 
baa  ad  on  tha  flight  and  ground  taata  aa  pro¬ 
bably  not  optimum  actuator  poaitiona  wara 
uaad  in  thia  experiment.  Furthermore  impor¬ 
tant  raaults  ware  obtainad  fro*  tha  performed 
finita  element  calculation*  providing  a  de- 
tailad  data  baaa  for  still  ongoing  or  plannad 
futura  activa  noisa  and  vibration  control 
pradictiona . 

In  addition,  tha  atudy  idantifiad  that  for 
futura  practical  aircraft  applications  further 
datailad  raaaarch  on  thia  copic  ia  required, 
for  optimum  control  system  dafinition  aa  wall 
aa  eyetem  waight  and  ai2a  ainiairation . 
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SUMMARY 


F 


1.  Outline  a  model  of  a  vibrating  plate  with  arbitrary 
boundary  conditions  previously  used  by  Berry  eUil. 

2.  Minimise  the  far  field  radiated  acoustic  power  using 
point  secondary  force  inputs. 

3.  Use  the  model  for  the  simple  case  of  freely  mounted 
stiff  lightweight  panel. 

4.  Present  experimental  results  for  an  aluminium  honey¬ 
comb  composite  panel. 

5.  Present  experimental  results  for  the  combination  of 
a  clamped  steel  plate  and  an  aluminium  honeycomb 
panel  with  secondary  forces  acting  between  the  parti¬ 
tions. 

6.  Present  experimental  results  for  the  combination  of 
a  clamped  steel  plate  with  four  secondary  aluminium 
honeycomb  panels. 
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ACTIVE  CONTROL  OF  SOUND  TRANSMISSION:  A 

NEW  APPROACH 

•  The  problem:  Propeller  noise  in  aircraft  cabin. 

•  One  proposed  solution  is  the  use  of  secondary  acoustic 
sources  in  the  cabin  to  minimise  the  internal  sound 
pressure. 

•  Another  approach  suggested  by  Fuller  is  to  use  sec¬ 
ondary  forces  acting  on  the  fuselage  to  minimise  the 
internal  sound  pressure. 

•  Secondary  forces  are  more  effective  than  secondary 
acoustic  sources  in  achieving  global  reductions  in  sound 
pressure. 

•  the  use  of  secondary  forces  could  however  significantly 
increase  fuselage  vibration. 

•  A  hybrid  approach:  Partially  replace  internal  trim  with 
stiff  lightweight  panels  attached  to  the  fuselage  by 
means  of  secondary  force  actuators. 


Diagram  of  the  clamped  rectangular  plate  illustrating 
the  co-ordinate  system  used. 
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THE  EQUATION  OF  MOTION  FOR  THE  PLATE 
The  shear  force  Fs(P,  t)  and  the  bending  moment 
Mb{P ,  t)  at  point  P  on  the  edge  of  the  plate  are  given 

by 

Fs(P,t)  =  -K(P)w(P,t)n2,  (1) 

MB{P,t)=C(P)~{P,t)r ,  (2) 

where  K(P)  and  C{P)  are  the  translational  and 
rotational  stiffness  per  unit  length  at  point  P. 
Non-dimensiona!  edge  parameters  k(P)  and  c(P) 

k(P)  =  K(P)a3/D,  (3) 

c(P)  =  C(P)a/D,  (4) 
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The  Lagrangian  for  the  response  of  the  plate  described 
above  to  an  arbitrary  forcing  function  f{x}y,t)  can  be 

expressed  as 

.  r\ 

L(w)  =T(~J-  V(w)  +  W(w),  (5) 

T=/_+1i/_+,ig-p4  \S\ dadt3'  (6) 

where  a  =  2 x/a  and  p  =  2 y/b  and  r  =  a/b. 
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V  —  Vi  +  V2  +  1/3, 


(7) 


where  V\  is  the  potential  energy  of  plate  bending  given 

by 


D  f  2[/d*w\^  A/d^w\*  -d*wd*w  ~  /  d*w  \31 

v' -  ALL  ;[(*?)  'Aw) ]**»• 


(8) 


V2  is  the  potential  energy  associated  with  the 
translational  stiffness  at  the  edges  of  the  plate  given  by 


Vj  =  J j  -[u)J(o,l)  +  u;J(o, -l)]<iQ  +  J  ^  — (u>a(l,0) +  u>,(-l ,0))d0, 

and  V3  is  the  potential  energy  associated  with  the 
rotational  stiffness  at  the  edges  of  the  plate  given  by 


(9) 


14  - 


(10) 


The  work  done  on  the  plate  by  external  forces,  W  is 

given  by 

W(w)  =  ^  JL1  C!  /(a,  P Wo,  P)  da  dp  (11) 


Hamilton’s  principle 
8  $  L(w)  dt  =  0. 


(12) 
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Rayleigh-Ritz: 

'w(X)  Vi  Jji^mn^m(2')^n(2/) 

=  «T<?,  (13) 

*^mn  =  fimi^Tpniy)  t  (14) 

(2  \m 

4> m (x)  =  I  -xj  ,  m  =  0, 1, 2, ...  M, 
i>n(y)  =  ^2/j  ,  n  =  0, 1, 2, . . .  N,  (15) 

Equation  of  motion: 

Ma  +  Ka  =  f ,  (16) 

<vT\ 
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M  is  of  the  form 

A/im  M\2\\  .  •  •  A/mnll  •  •  •  MmN  11 
Mm2  M1212  •  •  • 


M 


11  pq 


mnpq 


M\\pq  .. 


Mmspq 


(17) 


with 


Mrnnpq  =  ^  /_+/  /*'  ph<j>m{a)ipn(0)(pp(a)^q{0)  da  d0. 

(13) 

The  matrix  K  is  of  the  same  size  and  form  as  M  with 

the  elements  given  by 


1/  _  L'l  1  rs 2  1  is 3 

■“ mnpq  •** mnpq  '  r'mnpq  '  mnpq'* 


(19) 


i) 
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where  Kmnpq  is  the  contribution  of  the  plate  stiffness  to 
the  stiffness  matrix  given  by 


K’nn„  a3  J-\  J-i  r\  da*  '"da* 


d3^n  d24> ,  , 

—  - -  4-  VT 

33  Vr  dp 


dp^’dp  dP 
,  d1rl>nd1<t>f  ,  , d4>mdtpnd$,dij>,\ 

+ur^-dp~dP^  +  2(1  ~  v)r  dad*' 


Vn<Pf—  JJ- 


dp 


do  dd  da  dd  ) 


(20) 


Knnpq  is  the  contribution  of  the  translational  stiffness 
at  the  plate  edge  to  the  stiffness  matrix  given  by 


ffo,( oWI)W«W1)  +  WoW-1WoW-1)|* 

+  J*'7£[4m(iyk*(0)MlW0)  +  +m(- (21) 

and  Knnpq  is  the  contribution  of  the  rotational  stiffness 
at  the  plate  edge  to  the  stiffness  matrix  given  by 


V  3 


(22) 
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Harmonic  time  dependency 

(— u>2M  +  K)a  =  /,  (23) 

where  the  elements  of  f  are  now  given  by 
fmn(t)  =  £  C!  ft  /(a,  0)K(<*)M0)  da  d/3.  (24) 


a  =  B~'f. 
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THE  ACOUSTIC  POWER  RADIATED  BY  THE  PLATE 
The  far  field  acoustic  pressure  radiated  by  the  plate  is 
calculated  by  application  of  the  Rayleigh  integral: 

p(R,  6,  ip)  =  -p„u  — -R  w(A,  n),  (26) 

Assume  that  R  »  a  and  R  »  b  can  be  defined  as 


iD(A,  n)  =  ~  J* j1  /J j1  w{a ,  /?)  x  exp 

where 


JAq:+^)  v27^ 


A  =  (o;/c)  sin  6cos(p]  /i  =  (o;/c)  sin  0siD up.  (28) 
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The  acoustic  power  radiated  into  the  far  field  is  given  by 

n  =  ^~2 1  lo' 2  M*>  m)I2  sin  d  d0  (2<J) 


n  =  ^ jHB-HnB~'f , 

where  1?  is  a  matrix  of  the  form 

^1111  ^1211  •  •  •  ^mnll  •  •  •  &MN1 1 

^1112  ^1212  ••• 

•  • 

•  *  • 

•  •  •  Qmnpq 


Qupq  .  • .  Qmhpq 

the  elements  of  which  are  given  by 


jf2’  /0I/2  (/_+;  ame>iW2)o  da  /_*'  /?V>(*/2)<’  dff} 
x  U*l  areiW)a  da  J^' dp}’ sinOdS  d<p.(32) 
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THE  MINIMISATION  OF  THE  ACOUSTIC  POWER 
RADIATED  BY  THE  PLATE  BY  THE  USE 
SECONDARY  FORCE  INPUTS 

f  =  fP  +  (33) 


Mxi)Mvi)  •••  <f>iixi)Myi) 


<i>m(xi)Tpn{yi) 


<f>iixi)MyL) 


Mxi)Myi)  •  •• 

t  « 


(34) 


n  =  (&(/p + B~H  nB~'ttr +  **)• 


(35) 
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(36) 


If  we  define  a  matrix  A  as 

PatjJ 

8ct2  ’ 


n  =  fpH0HAOfp  +  /*4#/,  +  f«0HAJp  +  f?0HAVJ,. 

(37) 

/«,  =  ~{0HA0)-l0HAfp.  (33) 
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Total  radiated  acoustic  power  from  a  single  lightweight 
stiff  panel  with  a  normal  incidence  primary  plane  wave 

and  a  single  secondary  force,  with  control  ( - ), 

and  without  control  ( - ). 
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Total  radiated  acoustic  power  from  a  single  lightweight 
stiff  panel  with  a  primary  plane  wave  incident  at  45°  and 

a  single  secondary  force,  with  control  ( - ),  and 

without  control  ( - ). 
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Total  radiated  acoustic  power  from  a  single  lightweight 
stiff  panel  with  a  primary  plane  wave  incident  at  45°  and 

three  secondary  forces,  with  control  ( - ),  and 

without  control  ( - ). 
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Randomly  distributed 
array  of  24 
microphones . 

Volume  =  348m3 
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The  reverberation  suite,  showing  the  clamped  steel 
plate  and  four  primary  source  positions. 


93cm 


2  inch  Aluminium 
^^honeycomb 

sandwich  panel 


Flexible  gasket 


The  arrangement  of  secondary  forces  and  mounting  of 
the  aluminium  honeycomb  panel 


Frequency  response  of  the  aluminium  honeycomb  panel 

with  all  edges  free 


aluminium  honeycomb  panel  with  control 
aluminium  honeycomb  panel  without  control 


Pressure  difference  between  a  single  microphone 
positioned  at  the  centre  of  the  aluminium  honeycomb 
panel  (or  wall)  in  the  source  chamber  and  the  average 
of  the  sound  pressure  at  the  24  control  microphones  in 
the  receiving  chamber  for  the  aluminium  honeycomb 
panel  with  and  without  control  and  a  9inch  plastered 

concrete  wall. 


I 


163 


The  mounting  of  the  2  inch  aluminium  honeycomb 
panel  and  clamped  steel  plate  and  arrangement  of  coil 

and  magnet  devices. 
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Diagram  of  the  arrangement  used  for  the  coil  and 

magnet  devices. 
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9  inch  concrete  wall 

aluminium  honeycomb  panel  £ 
steel  plate  with  control 

aluminium  honeycomb  panel  & 
steel  plate  without  control 


Sound  pressure  difference  between  a  single  microphone 
positioned  at  the  centre  of  the  steel  plate  (or  wall)  in 
the  source  chamber  and  the  average  of  the  sound 
pressure  at  the  24  control  microphones  in  the  receiving 
chamber  for  the  aluminium  honeycomb  panel  &  steel 
plate  combination,  with  and  without  control,  and  for  a 
9in  plastered  concrete  wall. 
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Flexible  gasket 

Aluminium  honeycomb 
composite  panel 


The  mounting  and  arrangement  of  the  4  linch 
aluminium  honeycomb  panels  and  the  clamped  steel 
plate  showing  the  positions  of  the  coil  and  magnet 

devices. 


A 
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Frequency  response  of  one  of  the  aluminium  honeycomb 

panels  with  all  ed^es  free. 
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9  inch  concrete  wall 

4  aluminium  honeycomb  panels  & 
steel  plate  with  control 

4  aluminium  honeycomb  panels  & 
steel  plate  without  control 


Sound  pressure  difference  for  the  four  aluminium 
honeycomb  panel  &  steel  plate  combination,  with  and 
without  control,  and  for  a  9in  plastered  concrete  wall. 
The  frequency  range  is  from  80Hz  to  100Hz. 
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9  inch  concrete  wall 

4  aluminium  honeycomb  panels  6 
steel  plate  with  control 

4  aluminium  honeycomb  panels  & 
steel  plate  without  control 


Sound  pressure  difference  for  the  four  aluminium 
honeycomb  panel  &  steel  plate  combination,  with  and 
without  control,  and  for  a  9in  plastered  concrete  wall. 
The  frequency  range  is  from  160Hz  to  2C0Hz. 
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9  inch  concrete  wall 

4  aluminium  honeycomb  panels  & 
steel  plate  with  control 

4  aluminium  honeycomb  panels  & 
steel  plate  without  control 


Sound  pressure  difference  for  the  four  aluminium 
honeycomb  panel  &  steel  plate  combination,  with  and 
without  control,  and  for  a  9in  plastered  concrete  wall. 
The  frequency  range  is  from  240Hz  to  300Hz. 
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CONCLUSIONS 


1.  Large  attenuations  in  sound  transmitted  through  a 
single  freely  mounted  aluminium  honeycomb  panel 
can  be  achieved  with  either  three  secondary  forces 
or  a  single  force  if  the  panel  motion  is  restricted  to 
piston  type  motion. 

2.  Global  attenuations  in  transmitted  sound  pressure  can 
be  achieved  using  secondary  forces  acting  between 
a  clamped  steel  plate  and  an  aluminium  honeycomb 
panel,  (though  limits  were  imposed  on  the  experi¬ 
mental  results  by  flanking  transmission  paths  and  the 
reverberant  field). 

3.  Using  four  'secondary  panels’  with  the  damped  steel 
plate  produced  a  partitions  with  a  transmission  loss 
approaching  that  of  a  9  inch  thick  plastered  concrete 
wall  even  at  frequencies  close  to  300Hz. 
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ACTIVE  CONTROL  OF  INTERIOR  NOISE  IN'  A  LARGE 
SCALE  CYLINDER  USING  PIEZOELECTRIC  ACTUATORS 


H.  C.  Lester  and  R.  J.  Silcox 
Structurai  Acousncs  Branch 
NaSA  Langley  Research  Center 
Hampton,  VA  23665 

NAS  A/S  A  E/D  LR  -tth  Aircraft  Interior  Noise  Workshop 
Ma\  19-20 .  1992 
Graf  Zeppelin  Haas 
Fnednchshcfen .  Germany 

Abstract 

The  noise  reduction  effectiveness  ot  two  types  of  control  force  actuator  models  has 
been  analytically  investigated:  (1)  a  point  actuator  and  (2)  an  m-piane,  piezoelectric 
actuator.  The  actuators  were  attached  to  the  wall  of  a  simply-supported,  elastic  cylinder 
closed  with  rigid  end  caps.  Control  inputs  to  the  actuators  were  determined  such  that  the 
integrated  square  of  the  pressure  over  the  intenor  of  the  vibrating  cylinder  was  a  minimum. 
Significant  Lntenor  noise  reductions  were  achieved  for  ail  actuator  conngurauons,  but 
especially  for  the  the  structurally  dominated  responses.  Noise  reductions  of  9dB  to 
2 6dB  were  achieved  using  point  force  actuators,  as  well  as  localized  and  extended 
piezoelectric  actuators.  Control  spillover  was  found  to  limit  overall  performance  for 
all  cases.  However,  the  use  of  extended  piezoelectric  actuators  was  effective  in  reducing 
control  spiLlover.  without  increasing  the  number  of  control  degrees  of  freedom. 

Introduction 

The  reducuon  of  intenor  noise  in  the  cabins  of  a  wide  class  of  rotorcraft  and 
propeller  aircraft  has  been  a  continuing  problem.  Intenor  noise  is  particularly  intense 
in  smaller  propeller  aircraft  and  helicopters,  whereas  the  cabin  noise  of  high-bypass 
turbofan  powered  commercial  aircraft  has  been  maintained  at  acceptable  levels.  However, 
in  recent  years,  due  mainly  to  the  development  of  advanced  turboprop  powered  aircraft*, 
considerable  attention  has  turned  to  developing  more  efficient  technology  to  reduce  the 
low  frequency  noise  in  aircraft  interiors.  Passive  techniques  have  been  srudied,  but 
found  generally  to  be  unacceptable  due  to  the  adverse  effects  of  added  weight  on  aircraft 
performance. 

Active  control  of  interior  noise  has  therefore  received  increased  emphasis  as 
effecuve.  lightweight,  noise  reducuon  method  Flight  test;  m  prep^  *r  aircraft 
demonstrated  10  to  15  dB  ot  noise  reducuon  using  distributions  f  mien  or  acoustic  c;  nt 
sources.  However,  it)  achieve  control  over  multiple  harmonics  ictuaior  numbers  ran 
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from  16  to  32  or  more  have  been  required3*3.  In  atidiacn.  the  optimum  distribuccn  of 
control  actuators  has  been  found  to  ce  dependent  upon  the  harmonic  content  of  the  interior 
noise4  That  is,  an  actuator  configuration  effective  for  the  firs:  few  lower  harmonics  may 
lose  tts  e  fire  ruve  ness  if  higher-order  harmonics  are  to  be  controlled4.  Thus,  in  order 
to  adapt  this  noise  control  technology  to  helicopters,  the  range  of  frequencies  impacted 
needs  to  be  expanded  to  include  the  higher  frequencies  typical  of  gearoox  whine,  for 
example,  which  can  range  to  several  laiohenz.  Over  this  higher  frequency  range,  an 
excessive  number  of  acousac  control  sources  would  probably  be  required  tn  orccr  to 
anain  the  required  matching  between  the  primary  noise  field  and  the  control  field,  while 
minimizing  control  spillover. 

Active  Structural  Acoustic  Control  (ASAC)  ts  a  new  technique  in  which  the  control 
inputs,  for  reducing  interior  noise,  are  applied  directly  to  the  vibrating  structural  acouscc 
system.  This  approach  has  been  demonstrated  to  be  more  efficient  for  controlling 
low  to  mid-frequency  structural  sound  radiation5.  In  contras;  to  using  acoustic  control 
transducers,  ASAC  applies  control  forces  directly  to  the  structure  such  that  some  measure 
of  the  resulting  interior  noise  field  is  minimized.  The  advantage  of  this  approach  is  that 
effective  control  can  be  implemented  with  fewer  control  actuators,  while  generating  less 
control  spillover.  Other  advantages  are  related  to  the  physical  implementation  of  the 
control  hardware  in  that  the  transducers  can  be  designed  to  be  reasonably  compact. 

One  particularly  attractive  active  control  concept,  recently  tested  at  NASA  Langley3, 
was  based  on  using  piezor.eramic  patches  bonded  to  the  vibrating  surface  of  a  fuselage 
model.  These  piezoelectric  actuators  were  used  to  apply  bending  (out-of-plane)  forces 
to  the  vibrating  'uselagr.  Preliminary  results  showed  8  to  15  dB  of  global  inter* or  noise 
reduction,  using  *  least  mean  square  algorithm,  over  a  wide  range  of  test  conditions. 

A  parallel  analytical  effort  to  model  the  transmission  and  control  of  interior  noise, 
due  to  external  noise  and  vibration  sources,  has  also  been  undertaken  at  NASA  Langley. 
The  analysis6  models  a  fuselage  as  a  finite  length,  elastic  cylinder  with  hard  (ngid)  end 
caps.  Two  types  of  piezoelectric  actuator  were  used  to  apply  force  inputs  directly  to 
the  cylinder  wall:  (1)  a  bending  (out-of-plane)  model  and  (2)  an  in-plane  model.  The 
cylinder  and  intenor  acousnc  response  due  to  each  acrua'or  type  was  computed  and  the 
resulting  mode  spectrr  studied,  in  general,  die  in-plane  piezoelectric  acruator  was  found 
to  provide  better  excitation  of  the  lower-order  acoustic  cavity  modes  and,  hence,  was 
thought  to  be  the  superior  actuator  model  for  active  noise  control  applications. 

In  this  paper,  the  effectiveness  of  the  in-plane  piezoelectric  actuator  model0  mentioned 
previously  ts  analytically  investigated  and  compared  to  a  point  force  actuator  model.  An 
acousac  mcnopoic,  located  very  close  to  the  outside  wall  of  the  cylinder,  was  used  as 
the  primary  offending  noise  source.  The  input  amplitudes  to  the  control  actuators  were 
determined  such  that  a  quadratic  cost  funcaon,  defined  on  the  interior  acousnc  pressure, 
was  minimized.  The  control  acruator  configuranons  required  to  reduce  the  interior  raise, 
without  excessive  spillover,  were  examined  for  two  dominart,  low  frequency  noise 
transmission  cases.  The  first  case  considered  is  for  a  cylinder  resonance  (100  Hz), 
where  the  interior  acoustic  field  is  dnven  in  multiple,  off- resonance  caviry  modes.  The 
second  cose  is  for  an  acousac  cavity  resonance  (200  Hz)  characterized  by  both  near  and 
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off-resonance  cylinder  vibration  modes  which  couple  effectively  with  a  suigle,  dominant, 
low-order  acoustic  cavirv  mode  at  resonance. 

Analysis 

In  this  paper,  the  interior  noise  reducaon  characteristics  of  rwo  types  of  control  force 
acmators,  attached  to  the  wall  of  a  vibrating  cylinder,  are  analytically  investigated.  The 
rwo  types  of  force  actuators  arc:  (1)  a  point  force  model,  which  simulates  the  force  inputs 
from  an  electromechanical  snaker,  and  (2)  an  in-plane  piezoelectric  force  actuator  model. 
The  control  inputs  to  these  force  actuators  arc  uniquely  determined  such  that  a  quadratic 
cost  function,  defined  on  the  intenor  acousnc  pressure,  is  a  minimum. 

Configurational  details  of  the  cylinder  and  force  actuator  models  arc  shown  in  Figure 
1.  A  single  piezoelectric  patch,  with  dimensions  (Ax,  is  shown  centered  at 

coordinates  (x}tS})  on  a  uniform,  elastic,  simply- supported  cylinder  of  length  I,  radius 
a,  and  thickness  h .  A  normally  directed  point  control  force  is  also  shown  applied  at 
coordinates  for  illustrative  purposes.  The  cylinder  is  assumed  to  have  rigid  end 

caps,  so  that  the  interior  acousnc  field  is  produced  by  the  wall  vibration  induced  by  the 
superposition  of  the  primary  acoustic  loading  and  the  actuator  control  forces.  Herein,  a 
single  acoustic  monop<  'z,  located  at  (r  =  L/2 .  r  =  1.2at  $  =  0),  was  used  as  the  primary 
noise  source,  although  the  generalized  modal  analysis  outlired  in  this  paper  can  readily 
accomodate  die  loading  produced  by  more  reaiisne  noise  sources 

Response  To  Primary  And  Secondary  Loadings  The  totai  interior  acoustic  pressure 
field  inside  the  vibrating  cylinder  can  be  expressed  as6'': 

ve 

P(x>  r.  9)  =  V  V:.jp2,j(z.r.9)  +  pi(z,r,9)  (1) 

;= l 

in  which  pi(z,r}$)  is  the  primary  interior  acousnc  field  (produced,  for  example,  by  the 
external  monopole  shown  in  Figure  1)  which  can  be  expressed  by  the  equanons: 

P\(x.r,0)  =  ]T  ]T  Jn{amr) cos  (  [Pf,™  cos(n0)  +  P{mn  sin(nfl)]  (2a) 

n  =0  mssO 


The  modal  coefficients  Pf  mn  and  mn  define  the  primary  intenor  acoustic  field  and  can 
be  expressed  in  icons  of  the  primary  cylinder  displacement  The  first  term  in  equation  ( 1 ) 
is  due  to  the  control  inputs  applied  to  the  cylinder  by  the  Nc  force  actuators  The  comp! 
amplitudes  ;  of  the  actuators  are  unknown  and  will  be  determined  by  a  mm  izano n 
process.  The  distribunons  p?.;(x,r, 0)  define  the  intenor  acoustic  response  proov. 
a  single  actuator  located  at  coordinates  (r;,0;  j  with  unit  amplitude  —10 
distributions  arc  given  by  the  following  equation* 

r.U\  =  (— cosl  n°)  -  s'MnO) 

n  =  0  m 


.A 
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The  modal  coefficients  Pfjmn  ^d  P{jmn  appearing  in  equation  (3)  are  defined  by  the 
relations: 

Pz.jmn  =  \  (*  m  m  ^  2.jm  n  (4a) 

m'  =  l 

P^.jmn  ~  P mn(w)  Cm'm  W  2.jm‘n  (46) 

m'=  1 

in  which  the  modal  coupling  coefficients  Cm'm  account  for  the  coupling  of  the  sin  (:2f£) 
functions  of  die  cylinder  radial  displacement  to  the  cos  functions  for  the  interior 

acoustic  pressure.  Expressions  for  these  coefficients  and  the  pressure  modal  transfer 
functions  Pmn(u;)  are  available  in  the  literature5.  The  shell  displacement  coefficients 
jmn  and  Wjjmn  can  be  related  to  the  acmator  loading  coefficients,  which  will  be 
introduced  subsequently  for  both  the  point  force  and  in-plane  actuator  models.  EsscntiaJIy, 
W£}mn  and  Wi)mn  are  the  shell  displacement  modal  coefficients  produced  by  a  unit 
amplitude  input  (V2%J  =  1.0)  to  a  force  actuator  located  at  coordinates  It  should 

be  noted  that  the  locations  (x;,  9})  of  the  ;VC  actuators  must  be  specified  a  pnori.  Then 
the  distribution  functions  p:,;(xtr,0)  defined  by  equation  (3)  are  completely  determined. 
This  leaves  the  complex  amplitudes  V*%J  is  the  solitary  unknowns  to  be  determined  by 
the  minimization  process. 

Cost  Function  and  Optimization  Procedure  In  order  to  find  the  opnmun  input  V2%) 
for  each  force  actuator,  consider  the  following  cost  function  defined  on  the  acoustic 
pressure  inside  the  vibrating  cylinder: 


A(V2.i)=  fL  r  ['*  r\p(x,r,e)fd8drdx 
Jo  Jo  Jo 

which,  using  equations  (I)  -  (3)  can  be  expanded  to 

jV,  jV«  A*  ,v< 

A(V3.;)  »  ££  +  A, 

1*1  ;*1  »=l  i*l 


(5) 

(6) 


The  Nc  unknown  amplitudes  V2j  for  the  actuator  forces  will  be  determined  such  that 
AflA  j)  takes  on  a  minimum  value.  Differentiating  equation  (6)  with  respect  to  IA 
and  setting  the  results  to  zero  yields  the  following  matrix  equation  for  the  .Vc  unknown 
control  force  amplitudes6,9: 


v'i,  - 


The  minimun  value  for  tne  cost  function  is  given  by: 


A(V; 


=  Cl,, Vi,  +  A, 


(a) 


Thi  system  stiffness  matrix  I\\  r  force  vector  C:  „  and  primary  state  cost  function..^, 
can  be  c:  pressed  in  the  following  form 


a-.,  -  y  y 


x  f  m  L 


P*‘  py  ~  P’  py  1  n 

i‘  J.tnifi  *  ',;»nn  ..imn  J.jwin  ;  *  mn 
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/■*  _  \  \  T 5 ^  r.  rf  .  pj*  cj  }  n 

^ -»•  /  ^  ,/  -  o  [t,,r.*,imn^  l.'nn  ““  *2tmnA  l.mnj 

nxCmal 


i  Ob) 


\i  —  V  irrx^  (V  Pc  Pc"  _  P*  PJ*  I  n 

*  *  1  ^  rf  /  .  ■)  l.mn'  l.mn  i  l.mn'  I,mnj 


n*0  m*sj 

In  the  above  equations,  the  coefficient  Dmn  is  given  by: 


f^mn  — 


-a; 


/  2  2  2\  ilt  \  ?^n(am<j)l 

(u’ma  -  n*)Jn(oma)  ^  a- - - - 


dr 


'.;c) 


(10) 


It  should  be  recalled  that  the  primary  cylinder  loading  and  response  is  assumed  to 
be  known.  Hence,  the  modal  coefficients  P*ifnn  and  P* mn  (cq.  2a)  for  the  primary 
interior  acousnc  field  can  be  expressed  in  terms  of  the  primary  cylinder  displacement 
modal  coefficients6.  In  a  similar  manner,  the  modal  coefficients  Ff  _  and  PI 

-  i w» n  J.imn 

can  also  be  related  to  cylinder  displacement  coefficients  \V$ %mn  and  WVjmn  (see  cqs. 
4).  However,  the  cylinder  displacement  coefficients  W?|mB  ^d  Wiimn  are  dependent 
upon  the  actuator  type,  that  is,  whether  the  actuator  exerts  normal  forces  (point  force 
model)  or  in- plane  stretching  forces  (piczceicctnc  model)  on  the  cylinder.  These  modal 
displacement  coefficients  a it  defined  in  the  following  sections. 


Point  Force  Actuator  Model  The  response  of  a  cylinder  to  an  harmonically  varying 
point  force  can  be  derived  in  a  straightforward  manner"’9.  The  generalized  cylinder  modal 
displacements  coefficients  required  in  equations  (4)  can  be  expressed  as 

^2fjmn  =  (Ha) 


^Zjmn  ~  Hmn  0  1^) 

in  which  the  modal  frequency  response  function  Hmn( w)  accounts  for  the  radial  response 
of  the  cylinder  due  to  a  normal  (radial)  harmonically  varying  loading.  The  modal 
coefficients  FJ jmn  and  F?  mn  appearing  in  equations  (1 1)  for  a  point  force  are  as  follows: 


-  (^7t)  (“Hp2 )  sin(a^ 


Ilia) 


(126) 


(3- 
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In-plane  Piezoelectric  Actuator  Model  Ln  order  to  simulate  in-rlar.e  actuator  leading, 
the  effect  of  the  piezoelectric  material  on  the  cylinder  is  replaced  by  a  lire  force 
distribution  (/r  and  /*)  aenng  on  the  perimeter  of  the  patch  area  as  tilusTated  in  Figure 
2.  With  this  actuator  model,  two  piezoelectric  patches  bonded  to  opposite  surfaces 
are  driven  in  phase.  This  model10,  when  utilized  on  a  flat  plate,  produces  a  uniform 
sort's  distribution  through  the  plate’s  thickness.  It  shculc  be  noted  that  only  in-plane 
displacements  will  be  produced  in  a  hat  plate.  However,  m  a  shell  the  in-plane  and 
out-of -plane  (bending)  deformations  are  coupled  due  to  curvature  effects.  Therefore,  the 
in-plane  piezoelectric  actuator  will  induce  out-of-plane  cylinder  displacements. 

Hence,  because  the  in-plane  actuator  exerts  a  direct  m-plane  force  on  the  middle 
surface  of  the  cylinder  and  produces  an  out-ot-plane  displacement,  the  in-plane  analysis 
must  consider  the  coupicd  (axial,  tangential  and  ndiai)  cylinder  displacements  and  is 
therefore  slightly  more  complicated  than  the  point  force  analysis  outlined  previously 
The  cylinder  displacement  coeifctents  W?  n  and  W/7jmn  for  the  in-plane  actuator 
model  have  the  form 


-  h™  (*)?;„ 


(13a) 


Wjmn  =  -  Hml{u/)T^mn  (136) 

in  which  the  frequency  response  functions  Hml(u)  and  Afm,l(w)  can  be  developed  from 
the  governing  shell  equations6  These  transfer  functions  account  for  ihe  coupling  between 
the  out-of-plane  displacements  of  the  cylinder  and  the  in-plane  force  inputs  producec  by 
the  piezoelectric  actuator. 

The  axial  loading  coefficients  Acjmn  and  appearing  m  equations  (13)  are  defined 
as  follows0: 


A'mn  ~  T L  S,n(  2L 


mfd  x  mrzj 

)  sint  — r- 


^  if  n  =  0 

£  sinf2^)  cos(n^j)  otherwise 


(14a) 


_  ..  .  mjTZj 

Ajmn  — ^  sin(  I  sint  £  } 


0 


if  n  =  0 


1.  ^ sinf1^) sm(n^j)  otherwise 
and  the  circumferential  (twisting)  loading  coefficients,  7Tm„  and  Tjmn  are: 

I  0  if  n  =  0 

_  “•  •  ,  nl~-^x,  /  m~zt ,  ) 

*j  m  *  Tj  S 1  n  ^  •>  r  )Sinl  \ 

"  ‘a  • L  L  (  ^sin(!LT^)sm(n(9J)  otherwise 


(146) 


{  ~d<i  1 


S  .  t1! '1±±\ 

fjmn  —  —  i  |  ^*ll(  ,y  ^  )  *>111'  ^ 


if  n  =  0 


—  sini  ^4^)  cos(n0.)  otherwise 

rn  1  } 
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Discussion  of  Results 


Results  are  presented  for  a  large-scale,  simpiy-supponed  aluminum  cylinder  which 
is  l.^Sm  in  diameter.  3. don  long,  and  has  a  thickness  of  1.7mm.  The  cylinder  is  closed 
with  hard  (rigid)  end  caps.  It  is  assumed  that  the  interior  acoustic  held  is  due  solely  to  the 
vibration  of  the  cylinder  walls.  The  primary  held  is  harmonic  (e";wl)  and  is  produced  by 
an  exterior  acousnc  monopole  0.2a  from  the  cylinder  wall  at  (r  =  1/2,  r  =  1.2a,  0  =  0°), 
as  shown  in  figure  1.  This  source  configuration  produces  only  symmetric  axial  modes 
and  circumferential  cos(n£?)  modal  variations.  This  simplifies  the  control  problem  and 
makes  the  data  easier  to  interpret.  Generalizaaons  to  a  realistic  aircraft  fuselage  structure 
will  necessarily  be  more  complicated,  but  the  physical  mechanisms  and  understandin ; 
arising  from  this  simpler  structural  mode!  will  aid  in  understanding  more  complicated 
structural  acousnc  configurations. 

All  control  forces  in  this  study  are  confined  to  act  m  the  source  plane  (x  =  L/2).  Two 
rypes  of  control  actuators  are  considered  in  this  paper  (1)  normal  p  'nt  forces  (shaker 
inputs)  and  (2)  in-plane  piezoelectric  force  actuators.  It  should  be  re  .ailed  that  a  single 
piezoelectric  actuator  consists  of  two  congruent  patches  bonded  to  opposite  sides  of  the 
cylinder  wall.  For  all  calculations  presented  herein,  the  patch  dimension  in  the  axial 
direcaon  is  ^x  =  3.3cm  (1.5m.).  The  circumferential  dimension  (ad£)  varies  on  a  case 
by  case  basis  depending  on  the  number  of  piezoelectric  actuators  used  (,VC  =  1,2, 13) 
for  a  particular  configuranon.  The  control  inputs  (amplitudes)  to  the  aciuators  were 
determined  m  that  the  integrated  square  of  the  acousnc  pressure  over  the  intenor  volume 
was  a  minimum. 

Various  ac.uatcr  configurations  are  studied  and  the  effect  on  overall  attenuation  and 
control  spillover  is  examined  both  tor  the  acousnc  cavity  response  as  well  as  for  the 
vibration  response  of  the  cylinder.  Results  are  presented  in  terms  of  reductions  of  the 
interior  sound  pressure  levels.  All  sound  pressure  levels  (SPL)  are  referenced  to  the 
maximum  SPL  for  the  no  control  case  at  that  particular  frequency.  These  are  shown 
by  com pansens  of  the  pressure  dismbuuons  in  the  source  cross  secnon  (x  =  L/2 )  for 
the  various  control  condinons.  In  addition,  comparisons  of  the  pressure  response  are 
presented  in  terms  of  the  axial  and  circumfercnnal  wavenumber  spectra,  which  clearly 
illustrate  the  effect  of  control  on  the  modal  content  of  the  intenor  pressure  field.  All 
modal  amplitudes  for  a  particular  frequency  arc  referenced  to  the  maximum  amplitude 
mode  for  the  no  control  case. 

Results  are  presented  for  two  frequencies:  (!)  a  cylinder  resonance  (100 Hz)  and  (2) 
an  acoustic  cavity  resonance  (200 Hz)  For  a  monopoie  excitation  of  1 00//x.  the  structural 
acoustic  response  is  dominated  by  a  resonance  of  the  (m  =  l:n  =  2)  cylinder  mode, 
which  drives  an  off-resonant  acoustic  cavi.y  response.  The  second  frequency  considered 
is  200 IJ  which  excites  an  acoustic  resonance  of  the  (m  =  0:  n  =  2)  caviry  mode  This 
response  is  driven  by  a  number  of  n  =  2  cylinder  modes.  In  addition,  control  spillover 
effects  are  present  for  both  of  these  frequencies  and  variations  in  the  size  and  number  of 
the  control  actuators,  for  minimizing  these  effects,  arc  invesn gated 
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Structural  Resonance  The  interior  acoustic  response,  due  to  the  extenor  mcnopoie 
oscillanng  at  100 Hz%  is  shown  in  figure  3a.  This  response  is  dominated  by  the  (m  = 
0,2;n  =  2)  cavity  modes  as  shown  in  the  wavenumber  distribution  or  figure  4a.  Both 
of  these  modes  ire  excited  by  the  (m  =  1:  i  =  *2)  cylinder  mode,  which  has  a  resonant 
frequency  of  99 Hz.  Due  to  the  circular  nature  of  the  cross  section,  the  sin  (r2£li)  cos  (29) 
cylinder  modes  couple  oniv  wnth  the  cos  cos  (2^  caviry  modes.  However,  multiple 

axial  modes  are  excited  due  to  the  coupling  of  the  sin  (^p)  function  to  a  range  of 
cos  functions.  Due  to  symmetry,  which  does  not  permit  even  (m  =  0,2. ,..)  order 

cylinder  modes  or  odd  (m  =  1,3,...)  order  cavity  modes,  the  dominant  modes  in  the 
primary  pressure  field  arc  the  m  -  0,  2  modes.  All  of  the  other  modes  are  greater  than 
20 dB  down  in  the  pressure  response. 

Due  to  the  relatively  uniform  distribution  of  the  external  monopole  loading,  only 
low-order  cylinder  and  acoustic  modes  are  excited.  Also,  the  implicitly  higher  damping 
that  is  associated  with  the  higher-order  cylinder  modes,  as  well  as  the  reduced  structural 
acousnc  coupling  of  these  modes  tends  to  further  enhance  the  importance  of  the  lower- 
order  modes. 

Localized  Control  Acruawrs  Figure  3b  shows  the  optimized  intenor  pressure  distri¬ 
bution  using  two  point  forces  as  the  control  actuators.  The  two  forces  are  placed  at 
9  ss  0°,  ISO0  The  average  SPL  reduction  throughout  the  interior  volume  is  17.1  dB.  The 
maximum  SPL  for  this  condition  is  10.3<ff?  less  than  the  maximum  amplitude  for  the 
no  control  case.  The  effect  of  the  controller  is  to  reduce  the  response  of  the  resonant 
(m  =  1;  n  =  2)  cylinder  mode  by  about  37 dB.  The  physical  mechanism  at  work  here  is 
an  increase  in  the  input  impedance  of  the  cylinder  for  this  mode,  which  occurs  due  o 
the  interaction  of  the  primary  and  secondary  forces.  The  residual  field  shown  in  figu; : 
3b  is  dominated  by  higher-order  modes  (m  =  2, 4;  n  =  12)  and  (m  =  2;n  =  6,8.  10). 
These  modes  ire  generated  by  the  control  forces  and  are  collectively  referred  to  as  a 
control  spillover  effect.  That  is,  the  controller  produces  extraneous  modal  responses  chat 
are  not  present  in  the  primary  ^’crural  acoustic  response.  These  arise  from  the  'ocaiized 
response  generated  by  the  point  control  forces  The  net  effect  is  to  increase  the  peak 
vibration  response  of  the  cylinder.  Peak  cylinder  vibrations  levels  increased  4.6 dB  for 
the  composite  case  of  figure  3b  over  the  peak  level  of  figure  3a. 

This  spillover  effect,  which  arises  from  the  discrete  nature  of  the  point  control  force 
actuators,  tends  to  excite  a  wide  range  of  modes  in  the  cylinder.  In  order  to  repress  these 
control  spillover  effects,  piezoelectric  actuators  are  often  cited  as  a.  effective  control 
alternative.  However,  discrete  piezoelectric  actuators  also  tend  to  excite  similar  spillover 
responses.  This  is  shown  in  figure  3c  and  4b.  Here,  two  piezoelectric  actuators,  6.35 
cm  by  1.3  cm  in  circumferential  and  axial  dimensions,  respectively,  arc  used  as  control 
actuators.  E  .ch  actuator  subtends  a  circumferential  angle  of  4.3°.  The  composite  field, 
due  to  the  action  of  these  control  actuators,  is  shown  to  be  not  disccmablv  different  from 
that  for  the  point  force  actuators.  The  volume  integrated  reduction  in  intenor  SPL  is 
I6.!h/Z7.  The  wavenumber  distribution  for  the  optimized  point  force  actuators  arc  similar 
to  that  shown  in  figure  4b  for  the  optimized  piezoelectric  actuators.  The  higher-order 
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modes  dominate  the  composite  pressure  response,  providing  an  interior  noise  fioor,  which 
limits  the  overall  reduction.  Finally,  the  peak  vibration  level  ot  the  cylinder  for  the  control 
case  increased  4.7 dB,  similar  to  the  previous  case 

Extended  Control  Actuators  One  method  found  to  be  effective  ;n  controlling  mooaJ 
spillover  is  to  increase  the  patch  size  of  the  piezoelectric  actuators.  Tms  effect  is  displayed 
in  pans  (b)  and  (c)  of  figure  5,  for  single  piezoelectric  actuators  wuh  the  same  axial 
dimension  as  considered  previously  (3.$cm).  Here,  however,  the  circumferenaai  length 
has  been  increased  to  subtend  an  angle  of  30°  in  one  case  and  90°  in  the  second  case.  Tne 
wavenumber  distribution  is  presented  for  both  control  cases,  as  well  as  for  the  no  control 
case,  figure  5a.  The  controller  with  the  30°  actuator  achieved  an  volume  integrated  SPL 
reduction  of  19 .6dB.  Comparing  figure  5b  to  figure  4b  shows  this  reduction  was  achieved 
by  significantly  reducing  the  exenanon  of  higher-order  modes  by  the  control  input.  In 
this  case,  the  strongest  residual  mode  is  the  (m  =  2 :n  =  7)  mode.  This  improvement 
was  achieved  with  a  single  actuator  (one  control  degree  of  freedom)  as  compared  to  the 
cases  of  figures  3  and  4,  where  two  control  inputs  (two  control  degrees  of  freedom)  were 
used.  Also,  the  peak  cylinder  vibration  level  was  reduced  by  2 dB  over  the  no  control 
case.  The  case  shown  in  figure  5c  reduces  the  control  spillover  effects  even  further, 
particularity  for  the  lower-order  m  =  0  modes  and  for  the  mid-range  i  =  2  modes.  This 
is  due  to  the  single  piezoelectric  actuator  not  coupling  as  effectively  to  those  modes  wuh 
phase  reversals  over  the  90°  acruator  length.  The  volume  integrated  SPL  reduction  for 
this  case  is  22.5dB  and  the  peak  cylinder  vibration  was  reduced  by  7.9 dB. 

These  reductions  were  achieved  as  a  result  of  the  uniform  distribution  of  axiai  (in¬ 
plane,  sec  fig.  2)  control  forces  over  the  circumferenaai  length  of  the  30°  or  90°  actuators. 
Both  of  these  acruator  cases  uti’ized  a  single  control  degree  of  freedom,  the  simplest 
possible  controller  impe indentation.  However,  such  a  simple  actuator  configuraaon  yields 
a  much  less  flexible  control  system  In  pracnce,  it  would  be  expected  that  different 
frequencies  (i.e.  harmonics)  will  require  different  arrangements  of  actuators.  By  fixing 
the  actuators  in  such  large  increments,  compromises  across  a  range  of  frequencies  might 
be  expected  to  result  in  substantially  reduced  performance  However,  both  of  the  extended 
actuator  arrangements  considered  previously  resulted  m  reduced  vibranon  levels  in  the 
cylinder  This  effect  will  be  important  to  tne  structural  acousnc  designer  when  loads  and 
fatigue  life  are  considered. 

As  a  final  case,  a  more  versatile  arrangement  of  the  single  90°  actuator  is  cons'dered. 
Again,  the  primary  field  is  that  presented  in  figure  5a,  the  frequency  is  100 Hz  with  a 
dominant  cylinder  mode  driving  two  dominant  acousdc  cavity  modes.  In  this  configura 
tton,  the  90°  actuator  is  broken  up  into  IS  individual  actuators,  each  subtending  53.  This 
is  nearly  the  same  size  as  the  dual  actuators  of  figure  3c.  The  result  of  optimizing  this  IS 
degree-of-freedom  system  is  compared  in  figure  6  to  that  of  the  single  control  actuator 
of  the  same  overall  size.  The  wavenumber  spectra  is  shown  for  each  case.  For  this  case 
only  4  modes  are  evident  in  the  4 *2dB  dynamic  range  of  the  plot  of  figure  6b.  compared 
to  10  modes  in  figure  6a.  The  (m  =  0;  n  =  l)  mode  is  the  strongest  residual  mode  and 
this  mode  is  nearly  7*113  higher  for  the  case  of  figure  6b  compare  to  figure  6a,  However. 
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the  integrated  volume  reduction  is  25.1/i?  compared  to  22.5 dB  for  the  single  dearer  of 
freedom  actuator  shown  in  figure  6a.  The  peak  cylinder  vibration  level  is  reduced  by 
S.6dB  relative  to  the  no  control  case,  only  an  incremental  improvement  over  the  7  jdB 
reduction  obtained  wit h  the  single  actuator  of  figure  6a. 

Therefore,  for  this  excnat*on  frequency  (100 Hz)%  for  a  single  dominant  cylinder 
mode,  the  muln-despme  of  freedom  opamizaaon  yields  only  a  marginal  improvement 
over  the  single  degree  of  freedom  system.  When  controller  complexity  is  consid.  red,  the 
single  degree  of  freedom  system  is  more  attractive.  However,  the  muln-degrec  uf  freedom 
system  adds  the  element  of  configurability  for  different  conditions  and  frequencies.  This 
versaaliry  would  be  a  very  desirable  characteristic  in  any  implementation  of  a  control 
system  in  a  real  aircraft  structure. 


Acoustic  Cavity  Resonance  The  interior  cavity  response  at  r  =  1/2  is  shown  in 
figure  7a  for  an  extenor  monopolc  frequency  ol  2QQHz.  The  externa]  acoustic  monopole 
remains  at  lccanon  (x  =  i/2,  r  =  1.2 a,  9  =  0°).  The  intenor  acoustic  response  is  again 
seen  to  be  dominanted  by  a  cos(20)  vananon  m  the  crossecnon.  The  (m  =  0;n  =  2) 
acousnc  cavity  mode  has  a  resonance  at  129 Hz  and  the  (m  =  2:  n  —  2)  mode  has  a 
resonance  at  220// r.  The  odd  order  (m  =  1,3,...)  acoustic  modes  cannot  be  dnven 
due  to  the  symmetry  of  the  excicaaon  In  a  more  generalized  configuration  this  would 
not  be  the  case.  The  structural  response  is  dominanted  by  the  (m  =  3;  n  =  4)  mode, 
which  has  a  resonant  frequency  of  213 Hz.  Other  modes  contributing  strongly  to  the 
Structural  response  are  the  (m  =  1;  n  =  3)  and  (m  =  1  ;n  =  1)  modes,  both  at  about 
-8.7 dB  and  the  (m  =  1;  n  =  2)  mode  at  -9.3 dB.  The  latter  cylinder  mode  is  the 
most  significant  in  this  case  as  it  excites  the  dominant  resonant  cavity  mode.  In  addition, 
due  to  the  cross  coupling  of  all  the  sin  cos  (20)  modes  of  the  cylinder  with  the 

cos  cos  (20)  acoustic  cavity  modes,  each  of  the  n  =  2  cylinder  modes  may  drive 

this  cavity  resonance.  Therefore,  it  is  not  sufficient  to  control  just  one  cylinder  mode,  all 
of  these  modes  (m  =  1,3.  ...;n  =  2)  must  be  controlled. 

The  wavenumber  spectra  of  figure  8a  illustrates  the  distribution  of  acoustic  cavity 
nodes  for  the  primary  response  shown  in  figure  7a.  The  (m  =  0,2,4:n  =  2)  cavity 
modes  have  relative  levels  of  0.0 dB,  -14.3 dB,  and  -27 dB,  respeenve'y,  with  ail  modes 
normalized  to  the  dominant  (m  =  0;  n  =  2)  acoustic  cavity  mode  The  dominant  cylinder 
mode  drives  the  (m  =  0,2,4,r  =  4)  acousnc  modes  -with  relative  levels  of  -16  6 dB. 
-\'2.1dB,  and  -\5.3dB,  respccnvely.  The  (m  =  0;n  =  3)  cavity  mode  is  also  dnven 
at  a  -14  5dB  level.  The  resonnt  frequencies  of  all  the  n  =  4  cavity  modes  ire  greater 
than  346 Hz  and  the  n  =  3  cavity  modes  are  above  27 3Hz.  Therefore,  these  modes  are 
forced  by  the  cylinder  vibraaon  and  are  non-resonant  responses.  It  can  be  seen  that  this" 
is  a  more  complicated  intenor  noise  field  to  control  than  was  the  case  for  the  previous 
structural  resonance  case  The  dnven  modes  will  impose  a  noise  floor  that  will  limit  the 
control  ach*eviable  It  is  expected  that  a  sufficient  number  of  degrees  of  freedom  in  the 
control  optimization  will  be  required  to  exercise  control  over  a  broad  range  of  mooes 
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Lccalized  Control  Acruntors  Figure  7b  illustrates  'he  control  attained  using  two  point 
control  forces  at  9  =  0°  and  150°  An  integrated  volume  SPL  reduction  of  3.7 dB  was 
a.tained.  The  response  is  now  dominated  by  a  higier-order  circumferential  variation  in 
me  source  plane.  The  wavenumber  spectra  for  this  case,  shown  in  figure  8b,  shows  that 
effective  control  of  the  (m  =  0,  2:  n  =  2)  caurv  modes  was  attained  with  reductions 
of  20.3<i£  and  9  SdB,  respectively.  However,  considerable  control  spillover  has  been 
generated  for  a  wide  range  of  higher-order  modes.  The  (m  =  2,4,  n  =  4)  caviry  modes 
are  now  dominint  with  levels  of  —6.2 dB  and  —  9  4<f£?,  respecaveiy,  relanvc  to  the 
uncononlied  (m  =  0:  n  =  2)  mode.  The  action  of  the  actuator  control  forces  has 
contributed  to  these  modes  significantly. 


Extended  Control  Acruator  s  Replacing  the  point  control  forces  with  piezoelectric  actua¬ 
tors,  with  the  same  dimensions  as  for  the  case  discussed  in  figure  3c,  yields  similar  results 
to  the  point  force  case  just  discussed  (figure  7b).  Therefore,  the  point  force  results  are 
compared  with  a  single  piezoelectric  actuator  centered  at  9  =  0°,  having  3n  axial  length 
of  3.8cm  and  a  circumferential  length  subtending  an  angle  of  60°.  The  results  for  this 
actuator  configuration  are  shown  in  figure  7c  with  the  wavenumber  distribution  shown  in 
figure  8c.  The  circumferential  length  of  this  actuator  was  chosen  in  order  to  subtend  an 
angle  large  enough  to  avoid  exciting  higher-order  circumferenaal  modes.  A  piezoelectric 
actuator  exiending  from  9  =  45°  to  9  =  -45°  with  a  cos(20)  weighted  voltage  input 
would  be  ideal.  However,  since  the  actuator  model  is  defined  with  a  siep  funenon  at 
each  edge,  the  actuator  length  was  selected  to  extend  only  over  60°  in  order  to  miagaie 
some  of  this  effect.  Its  length  soil  subtends  an  angle  that  scans  a  phase  reversal  of  the 
cos(40)  mode  and  all  higher-order  modes. 

The  results  presented  in  the  wavenumber  plot  of  figure  8c  supports  this  supposition. 
Most  of  the  higher-order  modes  have  been  significantly  reduced  The  (m  =  0, 2, 4;  n  =  4) 
cavity  modes  have  all  been  reduced  by  3.2 dB  This  reduenon  is  due  to  3.2^5  less 
conroller  excitation  of  the  (m  =  3,n  =  4)  cylinder  mode  for  the  extended  acruator 
compared  to  the  two  point  forces.  The  integrated  volume  SPL  reduccoi*  is  \~.3dB, 
compared  to  the  no  control  case  of  figure  7a.  Finally,  the  peak  vibrauon  level  for  this 
acruator  arrangement  increased  2.5dB,  significantly  less  than  the  15 dd  increase  founc 
for  the  point  force  actuators. 

Finally,  an  evaluation  of  a  muln-degree  of  freedom  piezoclec oic  actuator  is  examined 
in  figure  9.  In  this  configuration,  the  aciuator  elements  each  subtend  a  5°  angle  as  before. 
Twelve  actuators,  centered  at  9  =  0°  and  subtending  60°  around  the  circumference  of  tne 
cylinder  make  up  the  array.  The  volume  integrated  SPL  reduction  remamed  about  the 
same  as  for  the  single  actuator,  17 .SdB  The  peak  vibranon  response  increases  by  5.7 dB 
over  the  uncontrolled  case,  a  ]  2dB  increase  over  the  single  actuator  case.  Comparing  the 
wavenumber  spectra  of  figures  °a  and  9b.  the  optimization  of  this  acruator  configuration, 
with  12  control  degrees  of  freedom,  has  reduced  all  of  the  (n  =  4)  acousac  cavity  modes 
by  an  average  of  \'2dB.  This  is  directly  related  to  a  reduenon  of  the  (m  =  3.  n  =4) 
cylinder  mode  by  20*/ B  over  the  unconrrolLd  case.  However,  a  range  of  higher  order 
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modes  are  excited  by  the  12  degre-e  of  freedom  optimization  These  contribute  to  the 
residuaJ  acousnc  field  in  such  a  way  as  to  limit  overall  intenor  noise  suppression. 

In  this  case,  the  muln-deeree  of  freedom  controller  has  again  not  significantly  realized 
increased  control  performance.  In  fact,  the  peak  vibration  level  in  the  cylinder  has 
increased.  Since  cylinder  vibranon  effects  are  not  included  in  the  cost  function,  this  is 
not  atypical,  especially  for  an  acousnc  response  dominated  by  a  cavity  resonance.  In 
the  previous  case,  me  acousnc  response  was  dominated  by  a  cylinder  resonance  and  the 
vibration  response  might  be  expected  to  be  reduced  consistendv.  For  the  cases  considered 
in  this  paper,  one  may  argue  that  the  performance  does  not  jusnfy  the  added  complexity 
of  additional  controller  degrees  of  freedom,  that  is,  mulnple  actuators.  Again,  however, 
the  adaptability  of  this  configuration  to  a  range  of  operaung  condinons  and  broadband 
frequency  control  may  ultimately  jusnfy  such  an  implementanon. 

Concluding  Remarks 

The  interior  noise  reduction  effeenveness  for  two  types  of  control  force  actuator 
models  has  been  investigated.  The  two  rvpes  of  force  actuators  were:  (1)  a  point 
force  model  and  (2)  an  in-plane  piezoelectric  model.  The  actuators  were  mounted  on 
the  wall  of  a  simply-supported,  elastic  cylinder  closed  with  rigid  end  caps.  The  in¬ 
plane  piezoelectric  actuator  model  consisted  of  two  congruent,  rectangular  patches  of 
piezoelectric  material  bonded  to  opposite  sides  of  the  cylinder  wail.  The  two  patches 
were  driven  in-phase  so  as  to  exert  in-plane  control  forces  on  the  cyluider.  The  primary, 
offending  noise  field  inside  the  cylinder  was  produced  by  the  cylinder  wall  vibrations 
excited  by  a  harmonically  varying,  external  acoustic  monopole.  Generally,  a  number  of 
force  actuators  were  employed  and  the  force  inputs  (amplitudes)  to  the  actuators  were 
determined  so  mat  the  integration  of  the  square  of  the  interior  pressure  over  the  cavity 
volume  was  a  mmimun. 

Results  were  presented  for  two  low  frequency  response  regimes.  The  first  case  was 
for  a  frequency  of  100  0  Hz,  where  the  cylinder  response  was  characterized  by  a  single, 
resonant  (dominant),  vibration  mode  of  low  order  and  the  interior  acoustic  response  was 
essentially  forced  in  a  number  of  off-resonant  acoustic  cavity  modes.  The  second,  higher 
frequency  case  at  200.0  Hz  was  typical  of  situanons  where  the  cylinder  vibration  response 
consisted  of  both  near-  resonant  and  off-resonant  modes  However,  the  acousnc  caviry 
response  was  dominated  by  a  single,  low-order,  cavity  mode. 

Significant  intenor  noise  reductions  were  achieved  for  ail  actuator  configure  non  s. 
but  especially  for  the  structurally  dominated  responses.  Reducnons  of  9 dB  to  26d8 
were  achieved  using  normal  point  force  actuators  ?s  well  as  localized  and  extended 
piezoelectric  actuators.  Comparisons  of  point  force  control  models  to  small  piezoelectric 
models  indicate  no  significant  advantage  of  one  type  over  the  other  in  terms  of  control  - 
performance.  However,  ease  of  mounting,  placement  versatility  and  cost  would  all  tend 
to  favor  the  piezoelectric  actuator 

These  results  illustrate  the  power  of  the  Active  Structural  Acousnc  Control  method- 
oloev  for  achieving  effective  noise  reduction  usinu  oniv  a  limited  number  of  actuators. 


However,  control  spillover  was  found  :o  Limit  overall  performance  for  ail  cases  Tnc 
use  of  extended  piezoelectric  actuators  was  elective  in  reducing  die  control  spillover 
without  increasing  the  controller  degrees  of  freedom.  However,  it  is  expected  that  fixed 
arrangements  of  extended  transducers  will  inhibit  the  application  of  this  technology  to 
wideband  frequency  control.  This  is  especially  important  in  rotorcraf:  where  gearbox 
noise  is  dominant. 

It  was  also  shown  that  larger,  mulu-dcgrec  of  freedom  transducer  configurations  were 
effective  in  controlling  intenor  noise.  These  configurations  tended  to  excite  less  vibration 
in  the  cylinder  than  did  the  localized  lcmators.  A  real  control  system  may  be  expected 
to  add  structural  response  inputs  to  the  cost  function  in  order  to  insure  that  the  structure 
is  not  overly  excited.  However,  this  is  expected  to  degrade  the  acoustic  performance. 

Finally,  the  use  of  multi-degree  of  freedom  control  systems  may  be  expect ca  to 
contribute  significantly  to  overall  controller  complexity.  This  sudy  has  shown  that 
effective  control  may  be  achieved  with  limned  control  “channels”.  However,  this  conflicts 
with  the  requirement  for  wideband  muln-modal  control  It  ;s  envisioned  that  reductions 
in  the  controller  channels  may  be  obtained  by  driving  multiple  control  elements  with 
a  single  controller  ourput.  By  implementing  this  with  broadband  filters,  an  effective, 
lightweight,  limited  degirc  of  freedom  controller  may  be  feasible. 
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Nomenclature 


A 


mi* 


Pmn 

Hmn(v) 


iVe 

n 

Pmn 
P mu  (wf) 
P 

Pmn 

V, 

wmn 

x,  r,  $ 


Q  m 

Ck 

A 


uJ 

Subscript. 

; 

m 


n 


modal  coefficients  for  axial  acruator  loads 

radius  of  cylinder 

speed  of  sound  in  air 

system  force  vector 

modal  coupling  coefficients 

modal  coefficients  for  radial  (out-of  plane)  actuator  loads 

cylinder  modal  frequency  response  funcuon 

cylinder  thidcneis 

complex  Bessel  function  of  order  n 

system  stiffness  matrix 

free  space  wavenumber.  k  =  w/ Cf 

length  of  cylinder 

axial  wavenumber 

number  of  force  actuators 

circumferential  wavenumber 

modal  coefficients  for  acousnc  pressure  inside  cylinder 
pressure  modal  frequency  response  function 
acoustic  pressure  inside  cylinder 
modal  coefficients  for  .an genual  actuator  loads 
actuator  complex  amplitude 

modal  amplitudes  for  radial  (out-of-piine)  cylinder  displacement 

cylindrical  coordinates 

actuator  center  coordinates 

radial  wavenumber 

dimensions  of  piezoelectric  aetdator 

equals  2  if  k=Q.  equals  l  otherwise 

cost  function 

jteady  state  circular  frequency 

actuator  index,  j  -  1.2,  ...  Sc 
axial  mode  number 
circumferential  mode  number 
primary  ne!d  variable 
control  field  variable 
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Superscrms 

c  denotes  cos(ntf)  component 

s  denotes  sin(ntf)component 


Figure  1.  Scnematic  of  fuselage  model 


Figure  2.  Piezo  actuator  force  model 
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(a)  No  control 


figure  4.  Effect  of  two  control 
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(b)  Two  piezo  actuators,  5* 
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actuators  on  wavenumoer  spectra,  f * 100  Hz. 
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(a)  Single  cietoactuator .  A$2  =  90°  (b)  13  oiecc  act-atcr: ,  A02  =  j’ 

Figure  6.  Effect  of  actuator  degreej-cf-freecoro  cn  -»ave.no.T.cer  scectra.  f-ioo  ho. 
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'igure  7.  Effect  of  t*o  control  actuator  ..onf  tcurations  on  inta-'tc.-  s^t z^r- 
f»>C-:  Ho.  x’L/3 . 


109 


4 


J 


Modf  dO 


m 


m 


m 


(a)  Ho  centre! 


(b)  Two  point  forces 


(c)  Piezo  actuator ,  £dz  -50° 


Figure  8.  Effect  of  two  control  actuator  configurations  on  wavenumber  spectra, 
f *200  Hz. 
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(b)  12  piezo  actuators.  A9L  =  5 3 
cr-rreeCom  on  waverumoe^  spectra  .  r  =  200  Hz. 


* 

J 


190 


Tr’V  r  T 


-  ^  ------ .  — - . - .  ..-■ 


F 


N92-32959 

Sound  Transmission  Reduction  with  "Intelligent"  Panel  Systems 


by 


Chris  R  Fuller  and  Robert  L  Clark 
Mechanical  Engineering  Department 
Virginia  Polytechnic  Institute  and  State  University 
Blacksburg,  Virginia  24061-0238 


This  presentation  is  concerned  with  an  experimental  and  theoretical  investigation  of  the 
use  of  '’intelligent''  panel  systems  to  control  sound  transmission  and  radiation.  \n  "intelligent" 
panel  is  defined  as  a  structural  system  with  integrated  actuators  and  sensors  under  the  guidance 
of  an  adaptive,  learning  type  controller.  The  system  configuration  is  based  on  the  Active 
Structural  Acoustic  Control  (ASAC)  concept  where  control  inputs  are  applied  directly  to  the 
structure  to  minimize  an  error  quantity  related  to  the  radiated  sound  field.  In  this  case  multiple 
piezoccramic  elements  arc  used  as  actuators  while  optimally  shaped  PVDF  piezoelectric  elements 
are  employed  as  sensors.  The  control  approach  is  a  multi-channel  Filtered  X  algorithm 
implemented  on  a  TMS320C25  DSP.  The  PVDF  sensors  are  shaped  so  as  tc  observe  that  pan 
of  the  structural  motion  associated  with  sound  radiation.  In  essence,  the  sensors  act  as  distributed 
wavenumber  filters.  The  importance  of  optimal  shape  and  location  is  demonstrated  to  be  of  the 
same  order  of  influence  as  increasing  the  number  of  channels  of  control.  The  work  demonstrates 
the  large  potential  of  such  systems  to  control  sound  transmission  through  distributed  structural 
systems. 
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Modes  of  Radiation 
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Example  of  1-D  Wavem 
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Block  Diagram  of  LMS  Controller 
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Results  from  Non-Optimal  Multi-Actuator  Contro 
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Shaped  “Modal”  Sensor 
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Pilots  Noise  Exposure  During  a  Eoeing  747-400  Round  Trip- 
Ambient  Noise  and  Acoustic-Head  Recording  and  Analysis  of  Data 
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Pitots  Noise  Exposure  during  a  B747-400  Round  Trip 

Ambient  noise  and  acousfic  head  recording  and  analysis  of  data. 

Judgement  of  noise  analysis  in  respect  to  hearing  impairment  of  pilots  and  discussion 
of  possible  measures. 

Introduction 


*  Noise,  physically  is  no  problem,  as  long  as  no  humans  will  be  effected  Even  the 
loudest  a.rcraft  would  be  accepted  as  long  as  the  airborn  soundpower  may  not 
damage  any  material  and  humans  are  not  m  the  reach  of  the  noise.  Consequently,  the 
reference  of  all  judgement  must  be  the  human  affected 

Though  (he  soundpower  origin  s  the  aircraft,  the  effect  to  the  humans  inside  the 
aircraft  is  the  topic  of  our  presentation  Though  the  paying  passenger  is  the  most  im¬ 
portant  individual  we  will  deaf  to  lay  with  the  welf  paid  pilots  *  an  ambivafent  approach 
from  the  airlines  sales  standpum'  But  you  will  learn  from  our  presentation  that  the 
pifots  are  by  far  the  most  noist  affecteu  human  in  an  modern  commercial  jet  aircraft 

As  we  all  know,  there  are  big  differences  between  the  ambient  noise  and  fhe  noise  at 
the  outer  ear  of  the  active  pilot.  Aircraft  manufacturers,  authorings  and  also  the  airlines 
tafk  about  A-fevels  dunng  specific  level  flights  if  they  mean  cockpit  noise. 

This  A-Levef  figure  is  specified  and  measured  according  to  the  ISO  5129  and  the 
APR  4245  1322.  There  is  no  doubt  that  those  regulations  are  o'  great  value  for  aircraft 
specifications,  comparisons  and  as  a  baseline  lor  engineering  people. 
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The  actual  noise  exposure  of  the  pilots  ears  during  normal  routine  operation  is  a  Moure 
that  must  be  higher  than  that  baseline  of  ambient  r.oise.  A  iol  ol  variables  and  m 
fluences  must  be  added  to  gel  at  least  one  trips  actual  pilot  exposure 

History 


Already  in  t980  our  occupational  insurance  authority  (Berulsgenossenschah  lur 
Fahrzeughaltuny)  (I  call  it  BGF  Irom  now  on)  was  confronted  with  r.oise  impaired  pilots 
claiming  tor  compensation  According  to  the  icgulation  it  has  to  be  studied  whether  the 
impairment  was  of  occupational  origin.  Together  BGF  and  LH  started  a  study  that  is 
still  in  progress  and  will  hold  us  on  the  scene  for  sc  ne  more  years.  We  summed  up 
more  than  100  commercial  jet  flights  accompanied  by  tape  recorders  and  this  KEMAR- 
-acoustic  head  who  or  which  sf»il  got  no  name 

I  will  base  my  presentation  on  a  oundlnp  made  nealy  t  year  ago  with  a  B747.  Though 
both  legs  of  this  tour  has  been  r  corded  in  a  similar  manner  I  will  mainly  base  the 
analysis  on  the  lirst  leg  of  tl  .s  Might  compiling  a  block  or  recording  time  of  about  12 
Hrs  20  Min.  Mr  Hoormann  th<  reafter  will  take  some  of  the  results  to  make  up  a 
judgement  of  Ihe  noise  exposure  ol  pilots  in  modem  jet  planes. 

Measurement  Equipment  and  Recording 

3  Transducers  or  microphones  were  involved  (Graph) 

One  open  microphone  BK  4t66  a  pressure  capsule  placed  near  the  outer  ear  of 
the  left  pilots  seat  about  40  cm  from  the  outer  window  (ISO  5129). 

-  One  open  1  2  Inch  microphone  loi  a  notse  dosimeter  Metrosonics  dB  308  with  a 
formidable  A-rated  storing  capability 


One  microcapsule  (BK  4t34)  combined  w  th  the  modified  Swislockycoupfer  in  the 
right  ear  ol  our  acoustic  head  irom  komur  equipped  with  a  mate  rubber  ear 
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Both  BK-Micros  weie  Erectly  plugged  in  a  NOR  1 12  attached  to  a  Sony  DAT-Recorder 
TCD  DIO.  The  recording  chain  ended  here  m  a  DAT  cassette  ot  2  channel  120 
minutes  recording  time. 

This  equipment  is  standard,  relatively  inexpensive,  light  and  gives  you  an  outstanding 
quality  and  reliability.  Togetner  wJh  the  aluminium  case  and  some  straps  it  is  ready  to 
stand  the  10  g  requirement  in  the  cockpit  and  gives  you  no  EM  -problems  in  a  modern 
digitalized  environment  Electricty  we  got  trom  a  transformer,  that  took  28  V,  400  Hz 
from  the  aircraft  and  delivered  9  V  DC  to  the  tape  recorder  for  the  whole  flight. 

For  calibration  we  used  a  BK  4230  tOOO  Hz.  94  dB  unit  with  volume  correction  of 
*  0.2  d3  for  the  microphone  and  minus  0.5  dB  for  the  Kemar  Air  pressure  correction  is 
not  necessary  tor  this  calibrator. 

ATC-Siqnal  Recording 


To  get  a  real  objective  transcript  ot  a  pilots  ear  impression  you  have  to  do  some 
manipulation,  switching  and  you  should  watch  the  flight  operation  from  the  behind.  The 
flight  crew  consist  ot  4  pilots,  who  are  changing  their  seats  and  their  task  like  children 
in  the  Kindergarten  playing  ”go-around  in  circles". 

Normally  one  of  the  guys  (sometimes  there  are  ladies  involved)  is  Hying  the  controls 
and  the  other  is  doing  the  ATC-Radio  Communication  with  an  open  Sennheiser  head¬ 
set. 

With  four  pilots  involved  tt»*  individual  noise  exposure  can  be  quite  different  during  ora 
leg.  Instead  of  following  one  pilot  lor  t2  hours  through  tie  tour  (including  he  resttime 
m  the  noisy  area  behind  the  cockpit)  we  tried  to  connect  the  Kemar  to  the  active 
headse*  pilot  tor  a!*  the  available  turn*  unctopendent  w^ich  ot  the  four  is  doing  the  job 
This  gave  us  a  toll  tune  ATC-  recording  of  a  virtual  pile*  tor  one  leg 
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To  get  the  ATC  radio  signal  on  the  recorder  we  had  a  third  headset  of  the  same  kind 
on  the  Kemar  that  was  directly  cabled  to  the  headset  ol  the  active  piicts  headset 

It  should  clearly  be  understood  that  the  Might  crew  must  be  cooperative  ana  honest 
enough  not  to  manipulate  their  individual  procedure  and  show  a  normal  standard 
operation 

Beside  other  variables  it  was  not  possible  to  simulate  the  pilots  habit  to  wear  the 
headset  on  his  ears.  The  headset  deliver  one  signal  likewise  to  both  earpieces.  T ne 
pilot  can  use  it  in  very  different  manners.  Standard  is  to  use  both  cups  on  the  center  ot 
both  auricles.  For  this  kind  of  operation  you  would  need  the  lowest  volume  on  the 
radio  panef  for  a  maximum  of  signal  understanding.  Any  variation  trom  this  manner 
would  require  higher  volume  for  ihe  same  signal  level 

Mainly  because  the  earcups  tends  to  warm  up  the  pilots  ears  they  are  used  *o  \'ear 
only  the  outer-earcup  directly  on  the  ear  and  have  the  inner  cup  somewhere  b€?side 
the  auricles.  This  eases  the  acoustic  direct  communication  wi'h  the  collegue  on  the 
other  side  of  the  cockpit  in  about  i  m  in  distance.  In  all  these  situations  the  radio 
volume  must  be  increased,  showing  a  higher  signal  level  on  the  Kemar  recording. 

On  the  other  hand  I  should  mention  that  also  the  position  ol  the  headset  on  the  rubber 
ear  of  the  Kemar  was  not  afways  m  the  maximum  The  cup  is  posed  on  the  ear  more 
or  fess  statistical  without  objective  markj  on  the  head  or  coniros  on  the  recorder  A 
displacement  of  the  headset  by  forces  horn  the  aircraft  is  possible  and  would  etfect 
the  recording  level  as  well 
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Collected  Data  An.ily s is 

6  tapes  were  comprising  both  channels  ol  12  20  hours  blocktime  recording.  Verbal 
comments  ca'-brations.  tape  changes  and  not  directly  cockpit  noise  related  activities 
reduced  the  nefto  recording  to  8  20  hours  summed  up  lor  analysis 

The  parallel  measurement  of  the  dosimeter  gave  an  Leq  over  5  mm  periods  for  the 
total  blocktime  with  an  accuracy  of  within  ±  1  dR(A)  as  cross-checkea  with  the  open 
BK*microphone  recording 

While  the  open  microphone  and  the  dosimeter  could  be  used  for  an  analysis  without 
manipulation  the  Kemar  recording  ol  the  ATC*radio  communication  is  much  more 
complicated  to  understand 

The  Kemar  recording  had  to  be  corrected  by  two  dilferent  mtluences: 

1.  The  Kemar  sits  about  100  cm  behind  the  left  pilots  seat  where  the  ambient  noise 
is  about  3  dB  lower.  (Graph) 

2.  Despite  the  coupler  upstreams  the  Kemar  microphone  must  be  corrected  for  the 
freelield  with  a  known  frequency  band  as  shown  in  this  graph 

To  place  the  Kemar  acoustically  in  the  pilots  Situation  you  have  to  add  energy  for  the 
local  displacement  and  to  substract  energy  lor  the  freefield  correction.  (Graph) 

This  calculation  would  be  right  only  for  the  ai  lbient  noise  recording  because  the  radio 
signaf  comes  directly  Irom  the  headset  and  needs  no  local  displacement  correction. 

II  you  fust  analyse  the  Kemar  rnuoiding  lei  pilofs  exposure  you  have  to  correct  Kemar 
Ireetield  while  radio  signais  are  on  3nd  correct  both  factors  while  no  radro  signal  is 
present 
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An  alterate  could  be  to  take  the  open  ambient  record. nij  near  the  left  ear  on  the  ie*t 
seat  as  a  baseline  and  add  the  fr eefioid  corrected  Kemar  recording  only  wh.ie  rao 
communication  is  doing  on  and  a  signal  *s  or;  tne  headset. 

The  final  analysis  taking  into  account  the  mam  variables  can  be  none  by  this  Non  e 
gram  (Graph) 

To  the  ambient  noise  you  can  add  simply  the  signal  to  noise  level  to  get  the  signal 
level  Tlic  short  term  signal  level  will  bt  reduced  by  its  duration  n  relation  to  the  teta 
time  fragment  shown  in  percentages 

The  result  of  the  calculation  is  the  exposure  !evelJor  the  pilot  during  one  time  'rag- 
ment.  most  useful  one  High!  W*u 

According  to  the  german  reguiat.  n\  those  db's  are  impulso-weightened. 

The  calculation  rs  true  for  ail  perud  lengths  and  can  of  course  be  done  the  ether  way 
round  on  this  nomogramm 

You  can  learn  from  this  graph  that  the  overall  exposure  level  is  strongly  dependant  on 
the  three  variables  (Graph) 


Ambient  noise 
Signal  to  noise  level 
Rel  duration  of  signal 


79.6  dB(A) 

13.7  cB 
26  °0 


Resulting  in  an  overall  noise  exposure  of  above  85  aB(A) 

The  problem  of  noise  exposure  for  pilots  is  simply  not  the  cockpit  surrounding  but  the 
radio  communication  You  can  up*  rule  jet  aircraft  for  years  without  hearing  mcairment. 
if  there  is  no  radio  necessary  But  even  nice  quite  aircraft  will  give  you  trouble  if  bad 
noisy  radius  are  installed  and  Hh -communication  is  often  necessary 
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1.  Introduction 


In  our  capacity  as  Industrial  Trade  Association  covering  the 
vehicle  sector  (statuory  accident  insurance) .  in  the  Federal 
Republic  of  Germany  we  are  required  by  law  to  prevent  occupa¬ 
tional  accidents  by  all  suitable  means  available.  Our  respon¬ 
sibility  extends  over 

-  the  entire  road-bound  transport  industry, 

-  commercial  aviation,  including  all  associated  plant, 

-  All  employees  of  non -commercial  (private)  vehicle,  air¬ 
craft,  riding  and  animal-drawn  carriage  operators  (fig.l). 


2.  Noise  level  measurements  in  jet  aircraft 

For  approximately  20  years  we  have  been  engaged  in  roise 
level  measurements  in  and  on  surface  vehicles  and  aircraft. 

In  1979  we  started  comprehensive  noise  level  measurements  in 
the  cabins  and  cockpits  of  aircraft.  So  far  we  have  made  a 
total  of  90  measurements  in  jet  aircraft.  Measuring  results 
(fig.  23)  have  shown  that  most  of  the  pilots  work  under  con¬ 
ditions  where  noise  constitutes  a  health  hazard.  The  dominant 
noise  level  in  these  environments  is  constituted  by  the  ra¬ 
diotelephone  traffic,  which  has  also  been  confirmed  by  meas¬ 
urements  carried  out  by  Mr.  Hoffmann  of  the  DLH. 

3.  Noise  limit  values  and  assessment  of  the  measuring  results 

3.1  Assessment  of  noise  levels  below  85  dB (A) 

We  distinguish  between  noise  limit  values  (noise  levels)  be¬ 
low  approx.  85  dB(A)  of  extra-aural  effects  (non  damaging  to 


220 


hearing)  and  values  equal  to,  or  higher  chan,  £5  dB (A)  having 
aural  effects  (damaging  to  hearing) 

In  the  case  of  noise  ranges  below  the  hearing  damage  level, 
extra-aural  effects  of  many  different  manifestations  have 
been  proved  by  numerous  investigations.  Noise  levels  of  GO 
dB  (A)  and  higher  wij.1  already  cause  autonomic  reactions  At 
a  physiological  level,  an  increased  secretion  of  noradrenalin 
and  also  vanillin-almond  acid  has  been  established.  Stomach 
secretions  decrease,  blood  vessels  contract  and  the  pulse 
count  and  pulse  and  blood  pressure  increase.  Patients  with 
heart  circulation  disorders,  as  well  as  people  suffering 
from  high  blood  pressure  are  at  special  risk,  in  general, 
the  tests  show  that  reactions  differ  widely  from  person  to 
person.  Reactions  were  found  to  be  not  only  dependent  on  the 
innata  disposition,  but  also  on  the  motivation  towards  the 
noise.  The  pathiolcgical  influence  of  extra-aural  noise  ef¬ 
fects  on  human  beings  is  frequently  disputed.  However,  there 
can  be  no  doubt  that  extra-aural  noise  effects  must  be  con¬ 
sidered  as  stress  factors. 

As  a  rule,  noises  inside  aircraft  show  a  high  content  of  in¬ 
frasound.  Sound  pressure  level  measurements  at  a  linear  fre¬ 
quency  curve,  i.e.  without  A-evaluation ,  then  show  values 
higher  by  up  to  30  dB.  In  that  case  100  dB  (lin)  instead  of 
70  dB(A) . 

In  a  series  of  tests,  Messrs.  Ising  and  Schwarze  exposed  100 
experimentees  to  noise  and  reported  their  findings  in  1982. 

They  have  come  to  the  conclusion  that  no  distinct  adverse  ef¬ 
fects  of  an  objective  nature  occur,  but  that  detrimental  ef¬ 
fects  of  a  subjective  nature  are  indeed  felt.  Other  authors, 
especially  in  the  United  States,  found  visual  defects,  di- 
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gestive  troubles  and  generally  quicker  signs  of  fatigue  in 
the  experimentees .  Extreme  amplitudes  of  these  air  vibrations 
in  excess  of  150  dB  caused  nausea,  as  well  as  headache,  and 
ache  in  the  testes. 

As  pilots  are  mainly  subjected  to  psychic  stress,  it  seems 
reasonable  to  base  assessments  of  noise  levels  at  work  also 
on  the  "Ordinance  on  Work  Places"  as  published  on  January  2, 
1989.  According  to  article  15  of  ordinance,  a  level  of 

55  dB(A)  must  not  be  exceeded,  when  predominantly  intellec¬ 
tual  work  is  involved.  This  ordinance  is  based  on  the  fact 
that  loid  noises  will  impair  the  concentration  and  attention 
of  such  staff.  Experimentees  of  widely  varying  background 
were  found  to  produce  a  significantly  higher  rate  of  mistakes 
than  those  that  were  given  the  opportunity  of  solving  the 
same  test  problems  in  peace  and  quiet.  Noise  has  an  acti¬ 
vating  effect,  without  a  person  being  conscious  of  this  fact, 
and  also  awakens  a  readiness  to  fight  and  to  take  to  flight. 
Aggressive  behaviour  can,  for  instance,  also  be  explained  by 
a  high  inner  noise  level . 

If  it  is  to  be  ensured  that  a  pilot  can  recognize  an  acoustic 
signal,  a  suitable  low-noise  aircraft  has  to  be  provided. 

This  aspect  is  treated  in  DIN  33  404  "Safety  requirements  of 
acoustic  danger  signals",  where  it  has  been  pointed  cut  that 
the  sound  level  of  an  acoustic  signal  can  only  be  correctly 
heard  when  the  interfering  sound  level  in  the  reception  range 
is  lower  by  10  dB ( A) .  Otherwise  the  pilot  of  a  loud  aircraft 
will  accordingly  be  warned  later,  i.e.,  for  example,  only 
when  he  moves  closer  to  the  signal  transmitter.  Note  must  be 
taken  of  the  fact  that  radiotelephone  noises  will  increase 
the  noise  level  inside  aircraft  by  approx,  another  10  dB(A). 


232 

I 


ORIGINAL  PAGE  IS 
OF  POCR  QUALITY 


V 


3.2  Assessment  of  values  higher  than  85  dB(A),  i.e.  above  the 
hearing  clanger  limit 

In  the  presence  of  inside  noises,  as  caused  by  radiotelephone 
traffic  (LEP , d) ,  the  risk  of  hearing  damage  increases  steeply 
(fig.  4).  Apart  from  this,  comprehension  of  the  spoken  word 
is  very  poor  and  almost  impossible  (fig.  5) . 

4.  Evolution,  costs  and  risks  of  the  occupational  desease 
"Noise  Deafness"  in  the  aviation  sector 

The  development  of  the  occupational  noise  deafness  disease 
and  the  costs  involved  in  all  areas  for  which  we  are  re¬ 
sponsible,  is  shown  in  fig.  6.  A  not  insignificant  propor¬ 
tion  of  the  total  is  represented  by  the  occupational  noise 
deafness  disease  in  the  aircraft  industry  (fig.  7). 

From  1975  or  thereabouts  until  the  end  of  1988,  the  Berufsge- 
nossenschaft  received  notification  of  a  total  of  1,647  in¬ 
sured  persons  from  these  enterprises  who  were  suspected  of 
having  defective  hearing  constituting  the  occupational  dis¬ 
ease  known  as  noise  deafness. 

t 

Of  these  notified  cases,  410  were  in  the  aviation  sector,  ca¬ 
tegorized  as  follows: 

ground  crew  387 

air  crew  23 

The  air  crew  are  further  categorized  as  follows: 
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cockpit  pilots 
cockpit  flight  engineer 
cabin  crew 


12 

1 

10 


Of  the  1,647  insured  persons  reported  up  to  the  end  of  1988 
as  having  a  suspected  hearing  defect,  a  total  of  37  persons 
have  been  granted  a  pension,  i.  e.  the  hearing  loss  -  in  both 
ears  -  had  reached  or  exceeded  the  prescribed  40  %  level  at 
which  a  pension  becomes  payable. 

These  37  insured  persons  who  were  granted  a  pension  included 
3  pilots. 


If  these  figures  are  placed  in  the  context  of  the  total  num¬ 
ber  cf  insured  persons,  the  situation  in  the  aviation  sector, 
with  particular  reference  to  air  crew,  is  as  follows: 


a.  Total  insured  number  employed 

-  in  the  aviation  sector 

-  as  air  crew 

-  as  cabin  crew 

-  as  cockpit  crew 


approx.  560,000  persons 
approx.  80,000  persons 
approx.  15,000  persons 
approx.  11,000  persons 
approx.  4,000  persons 


In  other  words,  14,3  %  of  all  those  insured  are  aviation 
workers  (commercial  and  administrative  staff,  ground  serv¬ 
ices  and  air  crew) .  The  persons  who  work  on  board  aircraft 
constitute  around  2,7  %  of  which  1,7  %  are  cabin  crew  and 
0,7  %  are  cockpit  crew  (pilots,  co-pilots  and  flight  engi¬ 
neers)  . 
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b.  Total  number  reported  as  having 
a  suspected  hearing  defect 
aviation  sector 
air  crew 
pilots 

flight  engineers 
cabin  crew 


1,647  persons 


410  persons 
23  persons 
12  persons 


x  person 
10  persons 


f 


In  other  words,  approximately  25  %  of  all  insured  persons 
who  were  the  subject  cf  notification  as  having  a  suspected 
hearing  defect  work  in  the  aviation  sector,  with  air  crew 
accounting  for  1,4  %  of  the  reported  cases. 

c.  Total  number  granted  a  pension  as  a 

result  of  defective  hearing  37  persons 

pilots  3  persons 

In  other  words,  8,1  %  of  all  the  insured  persons  who,  by  the 
end  of  1988  had  been  granted  a  pension  as  a  result  of  having 
suffered  the  prescribed  level  of  hearing  loss,  were  pilots. 

This  relatively  small  figure  can  be  explained  by  the  fact 
that  pilots  will  lose  tneir  licence  before  their  hearing  de¬ 
teriorates  to  the  level  of  40  %  loss  in  both  ears  prescribed 
under  the  statutory  accident  insurance  scheme  as  giving  en¬ 
titlement  to  a  pension. 

This  in  turn  means  that  the  quality  of  a  pilot's  life  will  be 
considerably  impaired  by  factors  such  as  reduced  speech  in¬ 
telligibility  and  restricted  directional  hearing  without  the 
compensation  of  a  pension  which  is  granted  to  sufferers  of 
the  occupational  desea se  known  as  noise  deafness. 
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In  summary,  the  statistics  available  at  the  end  of  1988  show 
that  the  low  figure  of  0,7  %  of  all  insured  persons  (pilots) 
represents  8,1  %  of  all  cases  in  which  a  pension  was  granted. 
It  is  to  be  assumed  that  the  figures  at  the  end  of  1989  will 
show  an  increase  in  this  proportion,  as  some  cases  are  being 
examined  under  the  final  statutory  recognition  procedure. 

The  final  point  to  be  noted  is  that  the  current  average  level 
of  compensation  payable  in  respect  of  occupational  noise-in¬ 
duced  deafness  is  a  pension  of  160.000  DM  per  person. 

5.  Required  and  possible  measures 

5.1  Legal  basis  in  the  EC 

As  early  as  1974,  the  accident  prevention  regulations  "Noise" 
(VBG  121)  came  into  force  in  the  Federal  Republic  of  Germany. 
Preparation  of  the  EC  "Noise"  regulations  (Guidelines  by  the 
Council  covering  the  protection  of  workers  against  health 
risks  caused  by  noise  at  the  work  place,  dated  Dec.  5,  1986) 
was  based  on  the  accident  prevention  regulations  already 
available  at  that  time.  The  above  EC  Noise  Protection  Guide¬ 
lines  became  national  law  in  Germany  on  Oct.  1,  1990.  The 
safety  level  existing  then  was  not  only  maintained,  but  in 
some  cases  has  been  improved  and  has  been  defined  in  a  more 
detailed  fashion. 

5.2  Noise  level  reduction 

In  article  5  of  the  EC-guidelines  (article  9  of  the  accident 
prevention  regulations  "Noise")  the  following  requirement  is 
formulated: 
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The  risks  resulting  from  exposure  to  noise  must  be  re¬ 
duced  to  the  lowest  level  reasonably  practicable,  taking 
account  of  technical  progress  and  the  availability  of 
measures  to  control  the  noise,  in  particular  at  source. 

2.  Where  the  daily  personaJ  noise  exposure  of  a  worker  ex¬ 
ceeds  90  dD  (A) ,  or  the  maximum  value  of  the  unweighted 
instantaneous  sound  pressure  is  greater  than  200  Pa: 

(a)  the  reasons  for  the  excess  level  shall  be  identified 
and  the  employer  shall  draw  up  and  apply  a  programme 
of  measures  of  a  technical  nature  and/for  of  organi¬ 
zation  of  work  with  a  view  to  reducing  as  far  as 
reasonably  practicable  the  exposure  of  workers  to 
noise ; 

(b)  workers  and  their  representatives  in  the  undertaking 
•or  establishment  shall  receive  adequate  information 

on  the  excess  level  and  cn  the  measures  taken  pur¬ 
suant  to  subparagraph  (a) . 

In  order  to  show  means  suitable  to  reduce  the  daily  personal 
noise  exposure  (LEP.d)  of  cockpit  crews,  we  have,  in  coopera¬ 
tion  with  Lufthansa,  prepared  a  noise  abatement  program 
detailed  below  which  we  would  like  to  put  forward  for  dis¬ 
cussion  : 

5.3  Noise  abatement  program 

1.  Short-term  measures,  such  as 

1.1  Reduction  of  the  ATC-Level  by  means  of  the  manual  volume 
control  to  a  level  where  communication  is  just  adequate. 
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1.2  Improvement  of  the  degree  of  modulation  of  the  desired 
signal  through  personal  discipline  (loud  and  cl  jar  speach, 
holding  the  microphone  immediately  in  front  of  the  mouth) 
and  by  asking  the  ground  staff  to  do  likewise  (a.g.  via 
SIKFO.  Refer  also  to  annex  14  of  the  radio  VO  and  to  CCIR- 
Recommer.dation  no.  251)  . 

1.3  Use  of  suitable  ear  protectors  when  performing  cut3ide 
checks,  especially  during  AF’J  or  GPU  operations. 

2.  Medium-term  measures,  such  as 

2.1  Continued  efforts  to  find  an  optimum  headset  for  the 
cockpit  crews  as  replacement  for,  or  alternative  to,  the 
Telex  and  Sennneiser  LK  400  set. 

2.2  Practical  testing  of  ear  protectors  worn  under  the  head¬ 
set  to  improve  comprehension  of  the  spoken  word.  In  order  to 
obtain  a  high  degree  of  acceptance  on  the  pare  of  the  test 
person,  these  investigations  during  flight  operations  will 
have  to  be  carefully  prepared. 

2.3  Continual  pressuring  of  the  maker  to  provide  technical 
upgrading  of  the  onboard  receiver.  It  would  be  desirable  to 
obtain  an  even  more  effective  separation  of  the  intelligence 
signal  from  the  spurious  signal.  Despite  the  fact  that  the- 
orethical  starting  points  can  be  seen,  so  far  no  premising 
avenue  for  realisation  has  been  found. 

2.4  Automatic  maximum  level  limitation  tor  the  onboard  re¬ 
ceiver. 
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2.5  Compensating  of  the  cockpit  sound  field  by  superimposing 
an  inverted  sound  field  {so-called  destructive  interference)  . 

3.  Long-term  measures 

Such  measures  are  outside  the  sphere  of  influence  of  the 
aviation  industry  and  are  listed  only  to  complete  the  range 
of  potential  measures  and  to  show  that  modifications  in  this 
field  will  also  result  in  changes  in  the  noise-induced  stress 
of  cokpit  crews. 

3.1  Possible  conversion  of  the  radiotelephone  traffic  to  sat- 
tellite  ccmmunxca cion . 

3.2  Increase  in  the  degree  of  modulation  of  the  ground  sta¬ 
tions  . 

3.3  Aerodynamic  design  of  the  outer  cockpit  contour. 

3.4  Decreased  sound  emission  of  the  jet  power  units  towards 
the  front. 

Practical  testing  of  ear  protectors  as  mentioned  under  para. 
2.2  has  been  successfully  completed  in  the  meantime.  The  re¬ 
levant  report  can  be  supplied,  if  required. 

5.4  Ear  protectors  and  medical  care 
5.4.1  Ear  protectors 

The  use  of  ear  protectors  is  regulated  in  article  6  of  the 
EC-guidelines . 
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"Article  6 

1.  Without  prejudice  to  Article  5,  where  the  daily  personal 
noise  exposure  of  a  worker  exceeds  90  dB  (A)  or  the  max¬ 
imum  value  of  the  unweighted  instanteous  sound  pressure 
is  greater  than  200  Pa,  personal  ear  protectors  must  be 
used 

2.  Where  the  exposure  referred  to  in  paragraph  1  is  likely 
to  exceed  85  dB  (A) ,  personal  ear  protectors  must  be  made 
available  to  workers. 

3.  Personal  ear  protectors  must  be  supplied  in  sufficient 
numbers  by  the  employer,  the  models  being  chosen  in 
association,  according  to  national  law  and  practice,  with 
the  workers  concerned. 

The  ear  protectors  must  be  adapted  to  the  individual  worker 
and  to  his  working  conditions,  taking  account  of  his  safety 
and  health.  They  are  deemed,  for  the  purposes  of  thi3 
Directive,  suitable  and  adequate  if.  when  properly  worn,  the 
risk  to  hearing  can  reasonably  be  expected  to  be  kept  be¬ 
low  the  risk  arising  from  the  exposure  referred  to  in  para¬ 
graph  1 . 

4.  Where  application  of  this  Article  involves  a  risk  of  acci¬ 
dent,  such  risk  must  be  reduced  as  far  as  is  reasonably 
practicable  by  mear.3  of  appropriate  measures. 

Article  7 

1.  Where  it  is  not  reasonably  practicable  to  reduce  the  daily 
personal  r.olse  exposure  of  a  worker  to  below  85  dB  (A)  ,  the 
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worker  exposed  shall  be  able  to  have  his  hearing  chocked  by  a 
doctor  or  on  the  responsibility  of  the  doctor  and,  if  judged 
necessary  by  the  doctor,  by  a  specialist. 

The  wearing  of  ear  protectors  by  flight  crews  must  always 
comply  with  the  applicable  flight  safety  regulations,  and 
in  this  case  of  pilots  already  suffering  from  partial  less 
of  hearing,  In  compliance  with  the  appropriate  medical  in¬ 
struct  ions  . 


6.  Summary  and  concluding  remarks 

Even  slight  noise  abatement  measures  involving  a  reduction  of 
the  noise  level  of,  for  example,  only  5  dB  would  already  con¬ 
siderably  reduce  the  hearing  damage  rick  cf  pilots  (fig. 4;. 

If  this  is  not  possible,  suitable  ear  protectors  should  be 
worn.  A  noise  reduction  of  only  20  dB,  as  can  alrady  be 
achieved  by  using  the  slightly  muffling  ear  plugs,  can  re¬ 
duce  the  risk  to  below  5  per  cent  at  noise,  levels  of  up  to 
95  dB (A) . 


The  main  source  of  noise  in  modern  jet  aircraft  is  constitut¬ 
ed  by  the  radiotelephone  traffic  raise.  It  could  be  said  that 
pilots,  by  their  very  occupation  are  carrying  a  Walkman. 

This  noise  pollution  is  also  present  in  other  occupations  and 
applies  to 


-  air-traffic  controllers, 

-  radio  operators  on  sea-going  vessels 

-  audio  typists  (secretaries) 


For  the  above  reasons  a  standard  is  already  under  discussion 
that  is  to  define  uniform  regulations  for  "noise  eu  mens  by 


sound  sources  '.ocated  close  to  the  ear"  (DIN  45  683,  pare  1, 
draft) . 

In  our  opinion,  incorporation  of  this  measuring  procedure  in 
the  ISO  5129  "Acoustics  measurement  of  noJ se  inside  aircraft" 
would  represent  a  major  step  forward.  Only  then  would  it  be 
ensured  that  this  problem  is  also  brought  to  the  attention  of 
the  aircraft  makers  (fig.  8). 

In  conclusion  I  would  like  to  quote  the  pilot  Prof.  Dr.  mod. 
Niemeyer  (Ear,  Nose  and  Throat  specialist)  with  regard  to  the 
subject  of  loss  of  hearing: 

"Blindness  is  something  that  can  be  imagined,  because  every¬ 
body  knows  from  his  own  experience  the  helplessness  which  re¬ 
sults  from  the  lack  of  information  in  the  darkness  of  night 
or  in  dark  rooms.  Constant,  failure  of  the  sonce  of  hearing, 
however,  is  something  most  people  cannot  imagine  and  conse¬ 
quently  fail  to  sympathize  with.  The  helpless  tapping  of  a 
blind  person  In  strange  surroundings  motivates  other  people 
to  offer  assistance  immediately.  The  helplessness  of  those 
who  are  hard  of  hearing  scarcely  moves  anyone  to  compassion, 
but  frequently  to  laughter,  or  the  loss  of  hearing  is  simply 
found  to  oe  a  cause  of  annoyance". 

In  the  interest  of  flight  safety,  please  help  to  eliminate 
these  damaging  conditions. 
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Berufsgenossenschaft 
fur  Fahrzeughaltungen 


Wir  betreuen 

Q  das  gesamte  straBen- 
gebundene  Verkehrs- 
gewerbe 

O  den  Fiugverkehr  mit 
seinen  Einrichtungen 

0  die  privaten  Fahrzeug-, 
Luftfahrzeug-,  Reittier- 
und  Gespannhaltungen 


We  take  care  of 

O  the  whole  traffic  trade 
engaged  on  public  road 

O  the  air  traffic  with  its 
equipment  for  aircraft 
servicing 

O  the  private  owning  of 
transport  vehicles,  air¬ 
craft,  animal  used  for 
riding,  horse  and  cart 
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Berufsgencssenschaft  fur  Fahrzeughaiiungen 

Measurements  from 
1982  -  1990 

results  of  90  measurements 

cockpit- 


of  headphone 
-VHF  or  HF-radio 


The  daily  personal  noise  exposure  (LEP.d)  of  a  worker  is  expressed  in  riB(A)  using 

the  formula:  jn 

LEP.d  =  LAl.Te  +  10  log  10  — 1- 


LAl.Te  =  1 0  log 


1  Tre  r  Pa  (n  ,2 

»i7  J  t  —  J 

1  e  0 


to 
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Berufsgenossenschaft  fur  Fahrzeughaltungen 


Noise  limit  values 


Ordinance  on  workplaces 

55  <J3(A)  =  intellectual  work 
70  dB(A)  =  mechanized  work 


Accident  prevention  regulation  "Noise" 

85  dB(A)  =  hearing  damage  risk  approx.  1%  I 
90  dB{A)  =  hearing  damage  risk  approx.  10%  ! 


As  from  85  dB(A)  "Assessment  noise 

level" 

Suitable  ear  protection  to  be  used  ! 


kuswciszsh: 


Ordinance  on  work  places 
Extra-aural  effects  =  non-damaging  to  hearing 
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Accident  prevention  regulations  "Noise" 
Aural  effect  ~  damaging  to  hearing 
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Probability  of  the  development  of  hearing  carnage  (loss  of 

hearing  in  excess  of  40  riB  at  3  kHz)  as  a  funcrlcr.  of  the 
hear i nq -effect iv e  assessment  level  to  ISO  1999 

The  parameter  chosen  is  the  combination  age/years  of  exposu¬ 
re.  The  diagram  makes  possible  an  assessment  of  the  effecti¬ 
veness  of  ear  procectcrs.  Departing  from  the  assessment  level 
at  the  work  place,  tne  percentage  of  the  group  under  review 
suffering  from  hearing  damage  is  read  off. 

Read  off  then  is  the  assessment  level  reduced  by  the  effecti¬ 
ve  sound  attenuation.  In  this  way  the  hearing  damage  risk  for 
30-year  old  men  having  been  exposed  to  a  noise  of  102  d3(A) 
ever  a  period  of  10  years  while  wearing  ear  protectors  offe¬ 
ring  an  effective  sound  attenuation  o:  -..!*/  5  13  is  reduced 
from  33%  to  11%  247 


Fig.  4 
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Interrelation  between  disturbing  noise  and 
speech  communication  over  long  distances 


Enviromental  disturbing  noise 
at  location  of  listener 

Quality  of 
speech 

communication 

A-assessed 
sound  level 

dB 

Speech  disturbing 
sound  level 

LSil 

dB 

up  to  55 

up  to  47 

satisfactory 

over  55  up  to  65 

over  47  up  to  57 

slightly  difficult 

over  55  up  to  80 

over  57  up  to  72 

difficult 

over  80 

over  72 

unsatisfactory 

In  the  case  of  an  A-assessed  sound  level  of  the  environmental  noise 
(spurious  noise)  between  70  and  80  dB(A),  and  a  SIL  of  between  65  and 
80  dB(A),  speech  communication  over  long  distances  is  described  as 
difficult  to  unsatisfactory  in  the  DIN  33  410.  In  principle,  this  also  applies 
to  radio  communication. 

As  a  NOTE  the  DIN  adds  the  following: 

It  is  to  be  noted  that  it  is  the  distant  subscriber  that  becomes  unintelligible 
first  when  the  spurios  noise  increases  at  the  location  of  the  listener.  Ex¬ 
perience  shows  that  the  listener  will  raise  his  voice  when  the  sp  jricus 
enviromental  noise  increases.  Apart  from  this,  the  signal-to-noise  ratio  at 
the  microphone  is  still  favourable,  when  the  interfering  noise  penetrates 
via  the  microphone  and  the  free  ear  and  already  shows  a  superimposing 
quality. 
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Acknowledged 
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cases 
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46 
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1984 
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1985 
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0 
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1986 
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4 

6 

1987 
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6 

4 

1988 

129 

10 

4 

1989 
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Pensions  still  being  paid 

Pension  pa.-nipnts 

in  the  current  year 

million  f  M 

1982 

8 

1,28 

1933 

8 

1,28 

1984 

8 

1,28 

1985 

17 

2,72 

1986 
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1989 

37 

5,92 
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Measuring  arrangement  for  determining  sound  immission  through  open  head-phones 
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For  usual  cases,  "perfect  bonding”  condition  holds 
(t hickness  of  bonding  layer  <  .1  mm). 
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NUMERICAL  MODELLING  OF  PIEZO  SENSORS 
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NEURAL  OBSERVER  FOR  STATE  ESTIMATION 


IN  ACTIVE  CONTROL  SYSTEMS 

GENERAL  ARCHITECTURE  OF  A  NEURAL  OBSERVER 

NUMBER  OF  STATES  •  4 
NUMBER  OF  MEASUREMENTS  =  2 
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NEURAL  OBSERVER  FOR  STATE  ESTIMATION 

IN  ACTIVE  CONTROL  SYSTEMS 

BLOCK  DIAGRAM  OF  A  REAL  NEURAL  OBSERVER 
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OPTIMAL  NOISE  CONTROL  ON  DOUBLE  WALL  PARTITION 
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FEM  MODEL  OF  THE  DOUBLE  WALL  PARTITION  SYSTEM 
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SWR  EVALUED  ON  THE  TRIM  PANEL 
CONTROL  ON  SOUND  POWER,  RADIATED  BY  THE  TRIM  PANEL 
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SUMMARY  OF  EXPERIMENTAL  ACTIVITIES 
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PIEZO-ACTUATOR  AND  SENSOR  MODEL  VALIDATION 
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PIEZO-ACTUATOR  AND  SENSOR  MODEL  VALIDATION 
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SCHEMATIC  VIEW  of  THE  TEST  PANEL  (ITEM  3  )  WITH  THE 
DISTRIBUTION  OF  THE  PIEZO  ELEMENTS 
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SIMPLE  NEGATIVE  POSITION  FEEDBACK  ACTIVE  CONTROL 
SYSTEM  (SISO)  WITH  APPLICATION  TO  SEAMS  AND  PLATES 
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SIMPLE  NEGATIVE  POSITION  FEEDBACK  ACTIVE  CONTROL 
SYSTEM  (SISO)  WITH  APPLICATION  TO  BEAMS  AND  PLATES 
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ZOOM  FROM  PREVIOUS  FIGURE 
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ACTIVE  SYNCHRO  PHASING  OF  PROPELLER  UNBALANCE 
Dick  Kapteln,  Fokker  Aircraft  B.V. 


SUMMARY 

This  presentation  describes  the  results  cf  a  survey  to  reduce  the  .r.flight  propeller  unL nianco  vi  r  v 
in  the  cabin  of  FokkcrSO  airplanes.  Several  approaches  have  been  invest^  Cod  A  * 
syi k«i itupi ie»i»ii  ^  of  the  unbalance  vibrations  cf  both  propellers  has  appeared  to  be  most  -  j-- 
Such  system  .s  new  introduced  m  series  airplanes  It  is  protected  by  patents  a  I  over  the  world 

THE  FOKKER50  AIRPLANE 

The  Fokker50  turbopropeller  airplane  is  well  known  for  its  low  cabin  noise  levels  which  provide  this 
airplane  with  a  jet  comfort.  Tho  careful  seloction  of  6-bladod  propellers  with  a  very  accurate  and  stable 
control  system  is  one  of  the  mam  roasons  of  this  result  The  system  controls  the  shaft  speed  within 
±  2  rpm  and  the  phaso  angle  between  both  propellers  within  *  2  degree. 

IP- VIBRATIONS 

After  delivery  of  the  cOth  airplane  it  happened  that  several  customers  complained  about  v»h:at  ng  seat 
tables  in  the  middlo  of  the  cabin  A  short  survey  showed  that  prope<ior  unbalance  was  tho  source  cf 
the  vibrations  and  that  the  lateral  direction  of  the  seat  tables  was  very  sensitive  for  >hese  1  P-vibrations. 
It  was  tried  to  attack  the  vibrations  along  3  routes 

1-  Reduction  of  the  sensitivity  of  the  seat  table  construction 

2-  Reduction  of  the  transmission  by  improvement  of  the  Engine  Vibration  isolators. 

3-  Reduction  of  the  source  by  improvement  of  the  balancing  procedures. 

1.  Attempts  to  reduce  the  sensitivity  of  existing  seats  appealed  to  requ  re  unacceptable  weight 
penalties  and  needed  space  which  was  not  available  This  aoj  roach  was  stepped  and  vibration 
sensitivity  requirements  were  incorporated  in  specifications  for  new  seats. 

2.  The  metal-mesh  rear  engine  vibration  isolators  were  replaced  by  elastomeric  isolators  with 
lower  dynamic  stiffnesses.  This  roduced  the  IP-vibration  transm.ssion  with  about  30  %  Howevor,  this 
improvement  was  not  sufficient  to  avoid  vibration  complaints. 

3.  Dynamic  balancing  of  the  p.opellers  was  more  successful  in  several  cases.  However,  during 
test  flights  to  verify  the  result  of  the  balancing  actions  it  appeared  that  the  vibration  level  wa3 
dependent  on  the  flight  speed  and  that  the  vibration  level  changed  oue  to  a  shut-down  and  relight  cf 
one  of  the  engines.  After  some  experiments  it  was  found  that  the  6P  synchrophasing  system  was  the 
cause  of  latter  behaviour.  This  system  has  an  important  influence  on  the  interference  between  the 
unbalance  forces  of  both  propellers 

ACTIVE  SYNCHROPHASING 

The  6p-phase  angle  requirement  can  be  met  with  6  combinations  of  blades  cf  the  LH  and  PH 
propeller.  However,  with  each  of  these  6  combinations  the  phase  relationship  between  the  unbalances 
is  shifted  60  degrees.  In  tho  cabin  this  results  in  6  different  IP-vibration  levels  Cn  basis  of  this 
phenomenon  Fokker  has  developed  an  active  control  system  which  is  able  to  generate  the  6  blade 
combinations,  to  measure  the  1  P-vibration  levels  for  each  combination  and  to  select  the  combination 
with  the  lowost  level.  After  realisation  of  the  best  combination  the  system  mon.tors  tho  vibration  level 
If  it  increases  above  some  l.mit  the  system  starts  the  search  and  selection  procedure  again  This 
moans  that  it  is  able  to  respond  on  changes  in  flight  conditions  such  as  the  flight  speed  or  changes 
in  propeller  unbalance  The  system  also  has  to  be  active  because,  due  to  differences  between 
propeller  unbalances,  each  airplane  needs  a  different  optimum  blade  combination 
The  newly  delivered  FokkerSO  airplanes  are  provided  with  this  Propeller  Blade  Matching  System 
(PBMS).  It  is  also  available  for  existing  FokkerSO  aircraft.  The  P3MS  box  is  installed  be'ow  the  cac  n 
^oor  close  to  the  wing  mounting  frames  The  PBMS  lecuces  the  chance  of  lP-v;bra!icn  ccmp  ,vn:s 
to  zero 
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FOKKER50  AIRPLANE  WITH  6-BLADED  PROPELLERS 
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FOKKER50  CABIN  LAY-OUT  FOR  50  PASSENGERS 


VIBRATION  LEVEL 


FREQUENCY  [  Hz  ] 


TYPICAL  VIBRATION  SPECTRUM  IN  THE  MID  CABIN 
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JT\ 


300 


FOKICER50  SEAY  WITH  MEASUREMENT 


LATERAL  IP-VIBRATION  LEVEL 


CABIN  LENGTH  [%] 


DIRECTION  OF  FLIGHT 
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LATERAL  IP-VIBRATION  vs  CABIN  LENGTH 


1-  REDUCTION  OF  SEAT  TABLE  SENSITIVITY. 

(RESPONSE) 


2-  IMPROVEMENT  OF  ENGINE  VIBRATION  ISOLATORS. 

(TRANSMISSION) 


3-  IMPROVEMENT  OF  PROPELLER  BALANCING  PROCEDURES. 

(SOURCE) 


3  APPROACHES  TO  ATTACK  IP-VIBRATIONS 
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FOKKER50  ENGINE  MOUNTING  SYSTE 


INFLUENCE  OF  FLIGHT  SPEED  ON  IP-VIBRATION  LEVEL 
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IP-BEAT  DUE  TO  ASYNCHRONOUS  PROPELLERS 
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RELATIVE  BLADE  POSITION  [  DEG  ] 

VIBRATION  LEVEL  vs  RELATIVE  BLADE  POSITION 
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VIBRATION  LEVEL  vs  BLADE  POSITION  STEPS 
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BLADE  COMBINATIONS  vs  CABIN  VIBRATION  SHAPE 
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PROPELLER  UNBALANCE  vs  PBMS  PERFORMANCE 
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MAXIMUM  AND  MINIMUM  VIBR  LEVELS  iN  56  AIRCRAFT 

PBMS  REDUCES  ACCEPTANCE  LIMIT  EXCEEDANCES  FROM  45  %  TO  0 
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Summary 


A  series  of  new,  lightweight  loudspeakei-s  for  use  on 
commercial  aircraft  has  been  developed.  The  loudspeakers  use 
NdFeB  magnets  and  aluminum  alloy  frames  to  reduce  the  weight.  In 
the  cases  where  high  voltage  transmission  lines  are  employed,  the 
transformers  used  on  conventional  loudspeakers  are  replaced  by 
high  impedance  voice  coils  of  10000  to  2000D  DC  resistance  to 
lower  the  weight  still  further.  The  ligheweight  cabin 
loudspeakers  are  15cm  in  diameter  and  weigh  only  39%  as  much  as 
conventional  designs  without  transformers  and  only  27%  as  much  as 
conventional  designs  with  transformers.  A  10cm  diameter 
loudspeaker  for  use  in  avionics  equipment  weighs  only  70g.  The 
lightweight  loudspeakers  can  replace  current  designs  and  meet  all 
U.S.  aircraft  requirements.  These  loudspeakers  are  now  being 
produced  and  installed  in  commercial  aircraft. 

The  NdFeB  magnet  is  virtually  encapsulated  by  steel  in  the 
new  speaker  designs.  As  a  result,  the  stray  magnetic  fields  are 
extremely  low  and  cannot  be  detected  by  standard  means  beyond 
about  25cm.  This  means  that  they  will  not  cause  magnetic 
interference  with  equipment  on  board.  Since  the  loudspeakers 
also  have  reduced  height  and  smaller  volume,  they  may  be  used 
with  tightly  packed  avionics  packages. 

The  field  intensity  of  the  magnet  may  be  increased  15%  by 
adding  a  small  "bucking"  magnet  of  inexpensive  ferrite  to  the 
design.  This  increases  the  weight  by  only  6%  or  7%.  If  an  NdFeB 
bucking  magnet  is  used,  the  weight  penalty  is  only  about  0.6%  to 
0.8%  for  a  15%  gain  in  magnetic  field  strength.  In  addition,  the 
loudspeakers  were  tested  for  back  emf.  The  back  emf  was  found  to 
be  low  and  will  produce,  no  electrical  problems. 

Active  noise  reduction  using  internal  loudspeakers  was 
demonstrated  to  be  effective  in  aircraft  in  1983.  A  weight, 
space,  and  cost  efficient  method  for  creating  the  active  sound 
attenuating  fields  is  to  use  the  existing  cabin  loudspeakers  for 
both  communications  and  noise  attenuation.  To  accomplish  this 
the  loudspeakers  must  produce  a  speech  to  noise  ratio  of  +4dB  or 
+5dB  in  a  noise  field  of  approximately  75dB  SIL.  At  the  same 
time,  the  loudspeakers  must  be  capable  of  several  decibels  of 
"headroom"  to  accommodate  the  active  noise  reduction  signal 
without  speech  distortion.  The  lightweight  loudspeakers  ore 
capable  of  achieving  this  or  can  easily  be  made  capable  of  doing 
so.  However,  the  dual  usage  of  the  cabin  loudspeakers  would 
raise  their  duty  cycle  from  4%  or  5%  to  100%.  This  would  require 
some  additional  loudspeaker  design  considerations.  An  overall 
system  design  of  the  combined  communication  and  active  noise 
control  sub-systems  to  provide  proper  equalization  and 
amplification  of  both  functions  would  also  be  required. 
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Figure  1.  Conventional  15cm  Diameter  Loudspeaker  (left) 
and  Lightweight  Loudspeaker  (right) . 
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Figure  3 .  Lightweight  10cm  Diameter  Loudspeaker. 


Figure  4. 


BACK  emf  TEST  CONFIGURATION 


Figure  5.  Beck  eraf  of  15cm  Lightweight  Loudspeaker 

'  to  Steady  State  Excitation  end  Electrical  Noise  Floor 
4  Watt  Connection.  Date  to  12.8  kHz 
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Figure  6.  Transient  Electrical  Response  of  15cra  Lightweight  Loudspeaker 
4W  Connection.  70  Volt  Excitation.  • 
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Percent  Intelligibility 


Speech  to  Noise  Ratio  in  dB 


Figure  9,  Intelligibility  of  Different  Spoken  Material 
in  a  Noisy  Environment. 
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